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ABSTRACT
Phylogenetic analyses of nucleotide sequences for the nuclear-encoded 
small subunit ribosomal RNA (SSU) gene were used to test current hypotheses 
of relationships within the Corallinales and among the florideophycidaean 
orders of red algae.
Analyses of SSU gene sequences indicate that the order Corallinales 
includes four major lineages. The Sporolithaceae is resolved as the earliest- 
diverging lineage within the order and forms the sister group to a monophyletic 
Corallinaceae. The molecular data also support the monophyly of the 
subfamilies Melobesioideae and Corallinoideae. The latter subfamily is inferred 
as sister to a fourth lineage including non-geniculate and geniculate species 
classified in the subfamilies Mastophoroideae, Metagoniolithoideae, 
Lithophylloideae, and Amphiroideae. Genicula are inferred to have arisen 
independently in three separate lineages and are not homologous structures. 
These results indicate that the common taxonomic practice of separating 
corallines on the basis of the presence or absence of genicula does not 
accurately reflect the evolutionary history of the group.
Cladistic analysis of SSU gene sequences indicates that the 
Florideophycidae is a monophyletic taxon comprised, roughly, of two large 
sister clades. One clade includes all orders possessing pit plugs with two cap 
layers. Within this assemblage, the orders Corallinales and Rhodogorgonales 
are inferred to be closely related. The second florideophycidaean clade 
includes, with the exception of the Gelidiales, those orders in which pit plugs 
are characterized by the absence of cap layers and the presence of a cap 
membrane. These results support Pueschel's (1994) contention that: 1)
viii
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"naked" pit plugs are the plesiomorphic type in the Rhodophyta, 2) all orders 
possessing pit plugs with two cap layers are derived from a common ancestor, 
3) outer cap layers are homologous structures, and 4) domed outer caps and 
cap membranes are derived features within the two cap layer lineage. Results 
also indicate that although the inner cap layers found in the Bangiales, 
Hildenbrandiales, and the two-cap-layer lineage may be homologous, inner 
caps in the Gelidiales are independently derived.
ix
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW
1
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SYSTEMATICS OF THE RHODOPHYTA
2
History. In terms of numbers of species, their range of forms, life 
histories, and reproductive development, the red algae are the most diverse 
group of marine seaweeds (Kraft 1981; Woelkerling 1990). The history of the 
systematic study of red algae can be divided roughly into two separate periods, 
the early and modern eras. In the following review, each period is treated 
separately with emphasis on those discoveries that have influenced most our 
current understanding of the biology and phytogeny of red algae.
The early era. Early developments in the systematic study of red algae 
have been reviewed previously by Papenfuss (1955). Much of the following 
synopsis of that era is based on Papenfuss's account and additional details 
provided by Garbary and Gabrielson (1990) and Dixon and Irvine (1977).
The nomenclature of the majority of algae begins with Linnaeus' (1753) 
Species Plantarum. In the current sense, Linnaeus recognized four genera of 
algae (Conferva, Ulva, Fucus, and Chara) which he classified with ferns, 
mosses, and fungi in the class Cryptogamia. Most algae described during the 
next half century were attributed to one or another of Linnaeus' original genera. 
Stackhouse was the first phycologist to break formally with the Linnaean 
tradition. Working for the most part on marine species classified within Fucus 
from the British Isles, Stackhouse (e.g., 1816) divided the genus into 67 new 
taxa based on comparative gross morphological features.
Lamouroux (1813) established a number of new genera and was the first 
to propose an ordinal level of classification for the aigae based, in part, on color. 
Lamouroux removed certain red algae from other superficially similar 
morphological groups and placed them in a separate "ordre," the Floridees.
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Nevertheless, the distinction between other red, green, and brown algae was 
not made clear in this scheme of classification (Lamouroux 1813; C. Agardh 
1817). Harvey's (1836) treatment of the algae subsequently presented a more 
complete and natural separation of the algae on the basis of color and other 
characteristics. The class Rhodophyceae was erected by Ruprecht (1851, 
1855).
Previous and present day classifications of the red algae depend to great 
extent on observed variation among life histories, reproductive, morphological, 
and anatomical features (Kraft 1981; Hommersand & Fredericq 1990). Male 
reproductive structures (spermatangia) were described by Ellis (1767) and, in 
Polysiphonia, by C. Agardh (1828) who termed them "antheridia." Stackhouse 
(1801) was the first to emphasize that the life history of most species of red 
algae include two phases bearing distinct spore-bearing structures (the 
cystocarp and tetrasporangium). Before his conclusions were published, 
Stackhouse's contemporaries were content to ascribe each life history phase to 
separate species. Later, after Stackhouse's proposal was accepted generally, 
there ensued a lengthy debate over the roles these structures played in the life 
history of red algae. Decaisne (1842a) concluded that the tetrasporangium was 
the site of "typical" (i.e., sexual) reproduction in red algae and that the cystocarp 
represented a structure which functioned as a means of vegetative propagation. 
Harvey (1849), on the other hand, suggested that the development of the 
cystocarp was the result of sexual processes whereas the tetrasporangium 
produced vegetative "gemmules." Nageli (1847) regarded the tetrasporangium 
as representing the female and the "antheridium" (sensu C. Agardh 1828), the 
male sex organs of red algae. Concurring with Decaisne, Nageli concluded that 
the cystocarp was involved only in asexual reproduction. Ruprecht (1851)
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likened tetraspores and carpospores of red algae to the pollen and seeds of 
land plants, respectively.
Sexual reproduction in a number of red algae (e.g., Ceramium, 
Dudresnaya, and Nemalion) was first demonstrated conclusively by Bornet and 
Thuret in 1866 and 1867. Bornet and Thuret discovered that the female egg 
(carpogonium) was borne terminally on a specialized filament, the carpogonial 
branch, and was not released from the thallus prior to fertilization. Instead, they 
observed spermatia attached to the trichogyne of the carpogonium, 
hypothesized that fertilization occurred in situ, and concluded that sexual 
reproduction in red algae was oogamous. The actual fusion of spermatial and 
carpogonial nuclei was first observed by Wille (1894). The complexities of post­
fertilization processes in red algae were first elucidated by Schmitz (1883). 
These processes result in the development of a diploid carposporophytic phase 
that is borne on, and is nutritionally dependent upon, the female plant. Schmitz 
discovered that the location of zygote formation and the site of its ultimate 
growth and differentiation are usually separate. Schmitz (1883) observed that 
in some red algae the zygote nucleus was transferred to a neighboring cell, 
which he termed the auxiliary cell, and that gonimoblast filaments originated 
from the auxiliary cell and not the carpogonium. Oltmanns (1898) later showed 
that the diploid zygote nucleus transferred from the carpogonium to the auxiliary 
cell did not fuse with the hapolid nucleus of the auxiliary cell as Schmitz had 
postulated. Oltmanns concluded correctly that the haploid auxiliary cell nucleus 
plays no role in the reproductive development of the cystocarp. Yamanouchi 
(1906 a,b) correllated the nuclear cycle with the isomorphic haploid 
gametophytic and dipolid tetrasporophytic life history phases of Poiysiphonia, 
thus finally establishing the tetrasporangium as the site of meiosis and 
elucidating completely the first life history of any red alga. Red algal life
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histories departing from the triphasic Polysiphonia-Xype were subsequently 
documented by, among others, Svedelius (1915) and Kylin (1916).
Beginning with C. Agardh (1820,1824,1828), the classification of red 
algae was increasingly influenced by finer scale and more detailed 
morphological and anatomical investigations. These studies focused not only 
on vegetative features, but also on differences among the reproductive 
structures of red algae (Greville 1830; J. Agardh 1842; Harvey 1849). Many 
taxonomic characters first introduced into the literature during this period remain 
the conerstones of modem classifications of the red algae at higher taxonomic 
levels. For example, J. Agardh (1842) first emphasized the manner of division 
of tetrasporangia (tetrahedral, cruciate or zonate) and Oltmanns (1904) noted 
that families within some orders could be separated based on the uniaxial or 
multiaxial nature of the thallus. Kylin (e.g., 1932) recognized as taxonomically 
informative the fact that cystocarps are embedded in the thallus of some 
species but are emergent in others. With Schmitz’s paper of 1883, differences 
in the development of the cystocarp, particularly the timing, place of formation, 
and function of the auxiliary cell, among different taxa of red algae were 
considered especially informative for the purpose of classification (Papenfuss 
1955; Kraft 1981). Based on comparisons of the reproductive development of 
the cystocarp in a number of species, Schmitz (1892) divided the 
Florideophycidae into four orders, the Nemalionales (syn. Nemaliales), 
Gigartinales, Rhodymeniales, and Cryptonemiales. Schmitz' classification of 
the Florideophycidae was later emended by Oltmanns (1904) and Kylin (1923) 
who erected the orders Ceram iales and Gelidiales, respectively. The genera 
Bangia and Porphyra were originally placed in the green algae by Harvey 
(1836) but were transferred formally to the Rhodophyceae by Berthold (1882). 
Later, Schmitz (in Schmitz & Hauptfleish 1897) tentatively assigned a number of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
other morphologically simple organisms, including unicellular, palmelloid, and 
filamentous species, to the Rhodophyceae but noted that these species were 
very different from those classified in the Florideophycidae. Kylin (1937) placed 
all unicelluar species within this enigmatic group in the order Porphyridiales and 
all other multicellular members of the group in the Bangiales. The first 
comprehensive classification of this assemblage of species, the 
Bangiophycidae, was presented by Skuja (1939) who, in addition to recognizing 
Kylin's two orders, also established the orders Goniotrichales and 
Compsopogonales. Skuja's classification of the Bangiophycidae has been 
emended by Feldmann (1955,1967) and, most recently, by Garbary etal. 
(1980) who have subsumed the Goniotrichales in the Porphyridiales.
Students of red algal systematics are especially indebted to the Swedish 
phycologist Harald Kylin. Kylin was a productive scientist and keen observer 
who made innumerable original discoveries. Perhaps more importantly, he also 
possessed the ability to logically synthesize and organize large amounts of 
systematic evidence. In a long series of papers, Kylin (e.g., 1928,1930,1932, 
1956) continually refined the classification of the red algae into one that more 
accurately reflected natural relationships among taxa within the group. In 
addition to other morphological and anatomical features, Kylin considered the 
presence or absence of generative auxiliary cells and their mode, location, and 
time of formation (before or after fertilization) taxonomically informative at the 
ordinal level. In this scheme, families within each order were delimited by, 
among other important features, the manner of division of tetrasporangia and 
whether the thallus was uni- or multiaxial. Kylin's (1932,1956) system of 
classification remained the standard for nearly 50 years and his monograph of 
the red algae has yet to be updated in the modern era. In recent years the 
number of red algal taxa recognized at the levels of order and family have risen
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sharply (Kraft 1981; Woelkerling 1990; Ragan etal. 1994; Fredericq etal.
1996). Even allowing for these taxonomic changes, it remains clear that the 
present day system of classification for the red algae is based principally on 
Kylin's earlier outline. As stated by Kraft (1981, p. 6), for most red algal 
taxonomists, "Kylin's (1956) compendium of red algal genera, families, and 
orders remains the single most authoritative work on the group and the point of 
departure for any revisionist attempts to alter the classification of red algae at or 
above the genus level."
The modern era. Although certainly not mutually exclusive, systematics 
studies of red algae in the modem era can be divided into three broad 
catagories.
The first catagory includes comparative studies of red algal anatomy, 
reproductive development, and life histories - studies which follow the tradition 
established by Schmitz, Oltmanns, Kylin and others. In contemporary 
systematics parlance such approaches are often referred to as "traditional" or 
"organismal." Recent reviews focusing on these type studies are numerous (for 
a review see, Cole & Sheath 1990) and, therefore, will not be discussed in 
detail here. Infomation on the vegetative growth and organization of the thalli of 
red algae can be found in Bold & Wynne (1978), Lobban & Wynne (1981), and 
Coomans and Hommersand (1990). Life history variation among red algae, 
and its taxonomic and evolutionary significance, have been reviewed by 
Searles (1980), West and Hommersand (1981), Guiry (1987), and 
Hommersand and Fredericq (1990). The intricacies of female and 
carposporophytic development in different red algal taxa are summarized by 
Hommersand and Fredericq (1990).
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The second and third catagories of studies in the modem era, in 
contrast, are delimited by technological advances in the life sciences, 
particularly the advent of electron microscopic and molecular biological 
techniques. Recent advances in these areas of research are summarized 
below.
Ultrastructure. The cells of red algae are typically eucaryotic in most 
respects, but can be easily distinguished by plastid-associated features 
including unstacked thylakoid membranes and the presence of phycobilin 
pigments arranged in phycobilisomes. Other distinguishing features include the 
absence of centrioles and flagella and the storage of photosynthate (floridean 
starch) in the cytosol. One of the most interesting aspects of red algal cells are 
the consistent and unorthodox associations observed between the cis (forming) 
face of Golgi bodies and other organelles (Pueschel 1990). In most eucaryotes 
Golgi bodies are typically associated with the endoplasmic reticulum (ER). In 
contrast, the dictyosomes of red algae are more commonly associated with 
mitochondria. Although Golgi body-mitochondrial associations are most 
conspicuous and common, Golgi bodies have also been observed in 
association with other organelles including the ER, nuclei, and plastids 
(Pueschel 1990). The physiological basis for Gogi body-organelle associations 
in red algae is not known.
Ultrastructural studies of the flagellar apparatuses of motile cell stages in 
other algae have contributed substantially to a better understanding of the 
taxonomy and phylogeny of these organisms (Moestrup 1982; Mattox & Stewart 
1984; Green et al. 1989). Because both vegetative and reproductive cells of 
red algae lack flagella entirely, ultrastructural studies within the group have 
focused instead on other features that are of taxonomic importance at higher
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
levels of classification within the Rhodophyta (Duckett & Peel 1978). For 
example, electron microscopic investigations have allowed for a more detailed 
and accurrate understanding of the cellular interactions which take place during 
the development of the cystocarp (Duckett & Peel 1978; Wetherbee 1980; 
Broadwater & Scott 1982; Delivopoulos & Kugrens 1985). Features of 
particular taxonomic importance in red algae are those associated with cell 
division and pit plugs.
Because it is difficult to fix and find dividing cells in red algae, 
ultrastructural studies of cell division are lacking for most taxa. During 
karyokinesis in red algae, the nuclear envelope remains intact except at the 
poles. Mitotic cell division in red algae follows one of two basic patterns, 
termed the "Polar Gap" (PG) and "Polar Fenestrations" (PF) types. The PG and 
PF type patterns are differentiated mainly by characteristics of the prophase - 
metaphase polar region (Broadwater etal. 1993). The PG type pattern is 
characterized by the complete break-down of the nuclear envelope at the 
spindle poles. In contrast, the nuclear envelope does not break-down entirely 
at the spindle poles in species characterized by the PF type pattern. In the 
latter species the nuclear envelope is fragmented or fenestrated in the polar 
regions. Detailed comparisons of the PG and PF type patterns of cell division 
are provided by Scott & Broadwater (1990), Broadwater etal. (1993,1995), and 
Klepacki et al. (1995). The PG type pattern has been found in a number of 
unicellular red algae classified in the order Porphyridiales as well as in 
Batrachospermum ectocarpum (Scott 1983). In contrast, the PF type pattern of 
cell division is characteristic of species attributed to the orders Ceramiales, 
Compsopogonales, Corallinales, and Gigartinales. In many other details, cell 
division in taxa attributable to either the PG or PF groups varies significantly 
(Scott & Broadwater 1990). Red algae lack centrioles. Non-centriolar nucleus-
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associated organelles (NAOs) are present that are similar to those found in 
non-flagellated fungi (Heath 1980 a,b, 1981). Although present in interphase 
cells (Scott etal. 1981), NAOs are most conspicuously associated with the 
spindle poles during karyokinesis. The NAOs of most red algae are composed 
of a pair of short, hollow, cylindrical rings (generally refered to as "polar rings" 
[McDonald 1972]) that differ in size. In relation to one another, the two rings 
are usually configured such that the smaller ring lies atop the larger ring. 
However, in Batrachospermum the smaller ring is tucked inside the larger ring 
(Scott 1983). A structurally distinct bipartite, non-hollow type of NAO has been 
observed in Porphyridium (Schornstein & Scott 1982). During prophase in 
ceramialean species, the distal (smaller) ring is attached to the proximal (larger) 
ring which is, in turn, attached to the nuclear envelope by fine struts. The size 
of NAOs also varies among taxa. Smaller NAOs are characteristic of the 
bangiophycidaean orders Bangiales, Compsopogonales, and Porphyridiales. 
The behavior of NAOs during karyokinesis is also variable. In most red algae 
the movement, timing, and association of the NAO with other organelles 
(particularly the nuclear envelope) follows the pattern found in the genera 
Polysiphonia, Dasya, and Lomentaria (Scott etal. 1980; Phillips & Scott 1981; 
Davis & Scott 1986). In contrast, the NAO cycle observed in Pophyridium is 
different from that found in other red algae and other eucaryotes (Schornstein & 
Scott 1982).
Although NAOs are consistent elements of the spindle poles, it is not 
known if these structures play a role in nucleating the microtubles of the spindle 
apparatus. Spindle microtubules abut in either an osmiophilic region of "NAO- 
associated material" in which the NAO may be embedded or near the inner 
membrane of the nuclear envelope. Microtubules have not been observed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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attached to NAOs. Ultrastructural observations suggest that NAOs may be 
replicated in a semiconservative fashion (Heath 1981).
Differences in the patterns of cell division and the size, shape and 
behavior of NAOs suggest that these characters are potentially of taxonomic 
and phylogenetic value. Thus far, however, cell division has been investigated 
in species representing only six orders of red algae and the extent to which 
features of mitotic cell division may vary within orders is largely unknown.
These data suggest that cell division characters may in the future prove to be 
valuable taxonomic markers for delineating red algal orders (Broadwater et al. 
1993) and already indicate that there are significant differences between 
putatively "primitive" and "advanced" red algal taxa.
With the exception of a few unicellular species and the blade-forming 
phases of some bangiophytes, the thalli of most other red algae are constructed 
of filaments. In most red algae the process of cytokinesis is completed only 
during the formation of spores. Division of all other cells is initially incomplete 
resulting in a septal pore with cytoplasmic continuity between daughter cells. 
Soon after the septal pore is formed it is filled by a glycoproteinaceous 
substance, forming a pit plug (Pueschel & Cole 1982). Brown and Weier (1970) 
noted that the deposition of pit plugs is associated with the activity of local ER 
and dictyosomes. The fine structure of red algal pit plugs is variable. Pit plugs 
can be characterized by the presence or absence of osmiophilic cap layers (0,1 
or 2) and a cap membrane. In taxa in which they are present, outer cap layers 
can be divided into two types: those that are thin and plate-like, and those that 
are domed. Aspects of the fine structure of pit plugs in most red algal lineages 
have now been determined by various techniques (reviewed in Pueschel 1990; 
Table 1.1). Pueschel and Cole (1982) first demonstrated conclusively the
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Table 1.1. Distribution of pit plug-associated features among the orders of red 
algae. Data taken from Pueschel (1990,1994).
Order* Cap layers
Outer cap 
morphology
Cap membrane
Rhodochaetales 0 A
Compsopogonales 0 A
Bangiales 1 A
Acrochaetiales 2 domed /thin P
Nemaliales 2 thin P
Palmariales 2 thin P
Rhodogorgonales 2 domed A
Corallinales 2 domed A
Batrachospermales 2 domed A
Hildenbrandiales 1 P
Gelidiales 1 P
Ahnfeltiales 0 A
Gracilariales 0 P
Bonnemaisoniales 0 P
Gigartinales 0 P
Halymeniales 0 P
Sphaerococcales 0 P
Dumontiales 0 P
Plocamiales 0 P
Rhodymeniales 0 P
Ceram iales 0 P
P=present, A=absent
* Pit plugs are lacking in the order Porphyridiales.
taxonomic utility of pit plug variation at higher levels of classification in red 
algae. Based on their observations and other data, Pueschel and Cole erected 
the orders Batrachospermales and Hildenbrandiales and suggested that the 
Bonnemaisoniales and Corallinales deserved recognition. The hypothesis 
(Pueschel 1994) that pit plug-associated features are phylogenetically, as well 
as taxonomically, informative is explored in Chapter 3 of this dissertation.
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Pueschel and Cole's (1982) ultrastructural survey represents one of the 
more important contributions to the study of red algal systematics in the last 50 
years. This study, and those of Guiry (1974,1978), advanced and altered 
considerably for the first time the essentially Kylinian classification of the red 
algae. These studies ushered in a new era of understanding, beginning in the 
late 1970's, of red algal phytogeny and taxonomy unprecedented since the end 
of the 19th century (Garbary & Gabrielson 1990).
Molecular systematics. Molecular biological techniques have 
rejuvenated systematics studies by extending the range of questions being 
studied and providing detailed information that was previously unobtainable. In 
addition, molecular biology has opened many new fields of investigation in 
which certain algae (e.g., Chlamydomonas, Acetabularia, and Fucus) play 
important roles as model organisms. Molecular systematics studies of red 
algae have burgeoned in the last decade and have significantly contributed to a 
better understanding of the evolutionary history of the group.
Most molecular systematics studies of red algae have utilized nucleotide 
sequence information from the nuclear encoded rRNA cistron, particularly the 
small-subunit rRNA (SSU) gene, or the plastid encoded gene for the large 
subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcL). Sequence 
data for a limited number of other genes of nuclear or plastidial origin have 
been used to provide phylogenetic estimates for the relationship of red algae to 
other eucaryotic lineages as well (e.g., Liaud etal. 1994; Bouget etal. 1995). 
The following sections summarize some aspects of published phytogenies for 
red algae, emphasizing, at the ordinal level, those based on SSU and rbcL 
gene sequences. A cladogram depicting possible phylogenetic lines of descent 
among 22 red algal orders is presented in Figure 1.1. This figure represents a
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Figure 1.1. Cladogram depicting possible phylogenetic relationships among 22 
red algal orders.
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consensus of the results obtained from phylogenetic investigations of both SSU 
and rbcL sequence variation. Figure 1.1 highlights both the substantial 
progress that has been made in our understanding of red algal evolution as well 
as areas requiring further study.
With the exception of a few genera (notably Bangia and Porphyra), our 
knowledge of the biology and taxonomy of bangiophycidaean species is, 
compared to that of other red algae, rudimentary. The Bangiales have long 
been considered a natural group (Skuja 1939), but the taxonomic affinities of 
certain species presently classified in other bangiophyte orders are not clear. 
The Porphyridiales, for example, has historically served as a catch-all for 
morphologically simple (pseudo-) filamentous, palmelloid, or unicellular forms 
whose relationships to one another and other red algae are uncertain (Kylin 
1937; Skuja 1939; Garbary etal. 1980) Unfortunately, sequence data for a 
broad sampling of bangiophyte taxa are lacking and phylogenetic relationships 
among the bangiophycean orders Porphyridiales, Compsopogonales, and 
Bangiales are not clearly resolved based on molecular data gathered thus far.
In both SSU and rbcL trees representative bangiophycean taxa terminate long 
branches and support for the relative branching order of these taxa is poor 
(Freshwater etal. 1994, Ragan etal. 1994). Inferences from SSU sequence 
data suggest that the Bangiophycidae is polyphyletic. The Porphyridiales is 
inferred to be a non-monophyletic taxon with the unicellular genera Dixoniella 
and Rhodella diverging after species having either filamentous or blade-like 
thalli (Ragan etal. 1994). This result implies that some unicellular red algae 
may be derived from ancestors of greater morphological complexity (Fritsch 
1945; Lee 1974; Garbary etal. 1980) and argues against the notion that 
unicelluar forms are necessarily primitive members of the phylum (e.g., Dixon 
1973). In general, molecular data support the notion that the red algae can be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
divided into two more or less distinct groups; the early diverging bangiophyte 
and the relatively advanced florideophyte lineages. The ancient (Campbell 
1980) bangiophycean genus Porphyra presents an interesting case-study in 
evolutionary biology. The taxonomy of the genus is based mainly on certain 
aspects of relatively simple, one or two-cell thick, gametophytic blades. The 
blades of different species of Porphyra exhibit little variation and are nearly 
indistinguishable. Nucleotide sequences and other types of molecular data 
(Lindstrom 1993; Lindstrom &Cole 1992a,b; Stiller & Waaland 1993,1996) 
have, however, demonstrated a large amount of genetic divergence among 
species within the genus. These observations seem to indicate that in Porphyra, 
processes regulating morphological and molecular evolution are largely 
uncoupled.
The Florideophycidae is inferred to be a monophyletic assemblage of 
taxa that are, in relative terms, distantly related to the Bangiophycidae. The 
branching order of florideophyte lineages is not fully resolved (Figure 1.1). 
Ribosomal DNA sequence analyses (see Chapter 3) clearly support earlier 
indications (Ragan et al. 1994) that the basal lineages of the florideophyte clade 
include the orders Corallinales, Palmariales, Acrochaetiales, Nemaliales, 
Batrachospermales, and Rhodogorgonales. A relationship among these orders 
is supported by ultrastructural evidence as well; these taxa all possess pit plugs 
with two cap layers (Pueschel 1990,1994; Pueschel etal. 1992a). The large 
order Gigartinales (Kraft & Robins 1985) is resolved as a polyphyletic taxon by 
both SSU and rbcL sequence analyses. Based on these, and additional 
molecular and organismal data (Fredericq et ah 1996; Saunders & Kraft 1994, 
1996), four formerly gigartinalean lineages have been separated and elevated 
to the rank of order as the Dumontiales, Plocamiales, Halymeniales, and 
Sphaerococcales. These revisions have resulted in a putatively more natural
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concept of the Gigartinales, but relationships among the remaining families 
within the order are not clear.
Phylogenetic hypotheses robustly supported by molecular data challenge 
several fundamental tenets of red algal evolution that were widely accepted in 
the preceding half century. The hypotheses that the Ceramiales represents the 
most highly derived red algal taxon (Kylin 1932,1956; Bold & Wynne 1978;
Silva & Johansen 1986; Gabrielson & Garbary 1987; Garbary & Gabrielson 
1990) and that procarpy is a derived character in red algae are not consistent 
with molecular data. Molecular systematics studies also indicate that at higher 
(ordinal) taxonomic levels some morphological, life history, and reproductive 
features are not phylogenetically informative. For example, sequence data 
indicate that the Gelidiales and Nemaliales are not closely related (Dixon 1973; 
Abbott & Hollenberg 1976; Dixon & Irvine 1977), although life histories in most 
species in the two taxa are wholly comparable and both orders are uniaxial. 
Indeed, molecular data have provided convincing support for the conclusion, 
reached independently by some morphologists (e.g., Hommersand 1963; West 
& Hommersand 1981; Hommersand & Fredericq 1990; Masuda etal. 1996), 
that parallel and convergent evolution of life history strategies and female 
reproductive systems are not uncommon in the Florideophycidae. There 
seems, in red algae at least, little hope that life history variation can be used to 
infer phylogenetic relationships (West & Hommersand 1981). Sequence data 
do not clearly support the widely held notion, based on analyses of red algal 
structure, biochemistry, and reproductive features, that the Acrochaetiales is the 
most primitiveflorideophycidaean lineage (Garbary 1978; Gabrielson etal.
1985; Gabrielson & Garbary 1987; Magne 1989; Garbary & Gabrielson 1990), 
but do indicate that the group diverges early in the florideophycean radiation. 
Ultrastructural (Pueschel & Cole 1982) and molecular evidence (Freshwater et
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al. 1994; Saunders etal. 1995; Chapter 3) suggest that the Acrochaetiales is 
paraphyletic. Other authorities have argued that Rhodochaete parvula, the only 
species classified in the order Rhodochatetales, may be more like the last 
common ancestor of the Rhodophyta than any other extant species. This 
hypothesis has yet to be tested with molecular data; nucleotide sequences for 
any gene of Rhodochaete parvula are presently unavailable.
Sequencing studies have also been used to address systematic 
questions at lower taxonomic ranks. Detailed phylogenetic hypotheses of 
relationships among genera and/or species within the orders Corallinales 
(Bailey & Chapman 1996), Gigartinales (Hommersand etal. 1994; Saunders & 
Kraft 1994, 1996; Fredericq etal. 1996), Gracilariales (Rice & Bird 1990; Bird et 
al. 1990, 1992a,b) and Gelidiales (Freshwater & Rueness 1994; Freshwater et 
al. 1995) have been presented. Robust phylogenies at the specific level are 
important elements of studies focusing on adaptation, character evolution, 
coevolution, and phytogeography (e.g., Hommersand etal. 1994; van Oppen et 
al. 1995a,b; Bailey & Chapman 1996; Goff etal. 1996; Pakker etal. 1996). For 
example, the biology of, and systematic relationships between, red algal hosts 
and their parasites (which are also red algae) have been the subject of 
numerous studies (e.g., Fan 1961; Goff 1982; Goff & Hommersand 1982; 
Fredericq etal. 1989; Goff & Zuccarello 1994). Relationships among some red 
algal hosts and parasites have been investigated recently by comparison of 
ribosomal DNA sequences (Goff etal. 1996). These data confirm earlier 
studies, based on anatomical and reproductive features, suggesting that hosts 
and their parasites are closely related species. The observation that hosts and 
their parasites are sister taxa is intriguing, and supports the notion that these 
specialized, host-specific parasites (adelphoparasites) may have evolved 
directly from their hosts (Goff et al. 1996). The adelphoparasitc mode of
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speciation is not otherwise widely known and aptly demonstrates the complex 
nature of those processes that can result in the formation of new species.
Other molecular techniques, including restriction fragment length 
polymorphism (RFLP) analyses of plastid and nuclear DNAs, randomly 
amplified polymorphic DNAs (RAPDs), and polymerase chain reaction (PCR)- 
mediated detection of variable length sequences have been used to assess 
polymorphism within the red algae (Goff & Coleman 1988; Scholfield etal.
1991; Steane etal. 1991; Maggs etal. 1992; Bhodayefa/. 1994; Dutcher& 
Kapraun 1994). These methods provide useful data that are appropriate for 
species and population level investigations and such techniques are becoming 
common tools used by researchers involved in alpha-taxonomic studies of the 
algae. Molecular data also provide the means to address other basic and 
applied biological questions in the red algae. For example, Parsons et al. 
(1990) used plastid DNA RFLP analysis to confirm the identity of uncoupled, 
heteromorphic life history phases for Gymnogongrus devoniensis. Patwary and 
co-workers (Patwary etal. 1993; Patwary & van der Meer 1994) have 
successfully used RAPD banding patterns to assess heterosis quantitatively in 
laboratory-induced hybrids of the commercially valuable red alga Gelidium 
vagum.
Brief mention is warranted here concerning the evolutionary relationships 
of the red algal "host" cell to other eukaryotic lineages. Because red algae 
share chlorophyll a and phycobilin photosynthetic pigments with some 
eubacteria (cyanobacteria) and lack flagella and centrioles at any stage of their 
life histories, it has been proposed that red algae represent the most primitive 
extant eukaryotic lineage. This hypothesis is soundly rejected by molecular 
data. Red algae are instead inferred to be a member of the "eukaryotic crown" 
group (Knoll, 1992), including the chlorobionta, chromistans, fungi and animals
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(Bhattacharya etal. 1990; Hendriks etal. 1991; Cavalier-Smith 1993; Bouget et 
al. 1995; Liaud etal. 1994; Ragan & Guttell 1995). In the cited studies, the 
divergence of the red algal lineage does not appear to significantly pre-date that 
of other crown group taxa. The evolutionary position of rhodophytes in 
eukaryotic SSU gene trees (see refs, above) leaves little doubt that ancestors of 
the group possessed flagella. Apparently, flagella were lost early in red algal 
evolution. Molecular data (e.g., Bhattacharya etal. 1990; Hendriks etal. 1991; 
Cavalier-Smith 1993) also do not support the hypothesis that the marine red 
algae are the progenitors of terrestrial ascomycetous fungi (the so-called 
“floridean hypothesis:" Denison & Carroll 1966; Kohlmeyer 1975; Demoulin 
1975,1985). Evidence for a specific relationship between red algae and fungi 
is lacking, and recent molecular studies (e.g., Hasegawa etal. 1993; Wainright 
etal. 1993; Nikoh etal. 1994), which are supported by biochemical data as well, 
indicate that fungi are more closely related to animals than they are to plants or 
protists. Ragan and Gutell (1995) have shown that the hypothesis that red 
algae and chlorobionta (green algae + land plants) are sister groups cannot be 
rejected on the basis of SSU gene sequence comparisons. A growing body of 
evidence from additional sequence data, intron-location and characteristics of 
nuclear and mitochondrial protein-coding genes also supports a possible 
relationship between the red algae and chlorobionta (Ragan & Gutell 1995;
Zhou & Ragan 1996). This hypothesis remains to be explored further.
Classification. Below, a brief and up-to-date account of the 
classification of the Rhodophyta is provided. Emphasized here, first, are those 
features that distinguish the red algae from other eukaryotic lineages. Second, 
the diversity and higher-level classification of the group are summarized.
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The Rhodophyta can be distinguished from other eukaryotic phyla by a 
combination of at least five features, including: 1) the lack of flagellated cells 
during any life history phase, 2) products of photosynthesis stored as floridean 
starch in the cytoplasm, 3) presence of the accessory photosynthetic pigments 
phycoerythrin, phycocyanin, and allophycocyanin, 4) plastids with unstacked 
thylakoid membranes, and 5) the absence of an external membrane around the 
plastid that is continuous with the endoplasmic reticulum (cf. chromophyte 
algae; Woelkerling 1990).
The Rhodophyta includes a single class, Rhodophyceae, and ca. 2500 - 
6000 species (Woelkerling 1990) that are classified in approximately 690 
genera and 75 families. The red algae have been divided historically into two 
subclasses, the Bangiophycidae and Florideophycidae (Kylin 1956; Cole & 
Conway 1975; Bold & Wynne 1978). As many as 23 orders are recognized on 
the basis of anatomical, reproductive, ultrastructural, and other features 
(Woelkerling 1990; Fredericq etal. 1996). The classification of the Rhodophyta 
is summarized in Table 1.2.
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Table 1.2. Classification of the red algae. Modified and updated from 
Woelkerling (1990).
Estimates of numbers of included taxa
Taxon Families Genera
Phylum Rhodophyta
Class Rhodophyceae
Subclass Bangiophycidae
Order
Bangiales 1 2 -3
Compsopogonales 3 10
Porphyridiales 2 18-24
Rhodochaetales 1 1
Subclass Florideophycidae
Order
Acrochaetiales 1 1-7
Ahnfeltiales 1 1
Batrachospermales 3 9
Bonnemaisoniales 2 9
Ceramiales 4 325
Corallinales 2 37-43
Dumontiales 4 43
Gelidiales 1 9
Gigartinales 29 8
Gracilariales 2 10
Halymeniales 2 26
Hildenbrandiales 1 2
Nemaliales 2 20
Palmariales 2 12
Plocamiales 2 3
Rhodogorgonales 1 2
Rhodoymeniales 3 40
Sphaerococcales 5 11
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BIOLOGY AND SYSTEMATICS OF THE CORALLINALES
Vegetative morphology. Like most other florideophycean red algae, 
the thallus of corallines is composed of aggregated filaments (Figure 1.2).
Thalli are multiaxial and pseudoparenchymatous. With the exception of a few 
species classified in the Delesseriaceae, corallines are the only red algae that 
possess both apical and intercalary meristems. In a few species apical cells 
divide synchronously in and produce regular (coaxial) tiers of medullary cells.
In most other species, however, apical cells do not divide synchronously and 
regular tiers of cells are absent in the medullary cell region. Cells of the 
medullary region contain few plastids or lack plastids entirely, and may serve as 
a sink for photosynthate (Cabioch 1970; Johansen 1976; Giraud & 
Cabioch1977; Millson & Moss 1985). Depending on the orientation of the alga 
to the substratum, apical cell divisions increase the length of the alga in either 
the horizontal or vertical planes. Filaments arching toward the thallus surface 
are differentiated into photosynthetically active cortical and epithallial cell 
regions. Intercalary meristematic subepithallial initial cells divide transversely to 
produce epithallial cells distally and new cortical cells proximally. The 
intercalary meristem increases the thickness or girth of the alga. Corallines are, 
compared to other seaweeds, notoriously slow-growing. On average, the rate 
of extenstion for coralline algae is between 1 and 4 mm per month (Johansen & 
Austin 1970; Colthart & Johansen 1973; Adey & Vassar 1975; Matsuda 1989; 
Sartoretto 1994).
Because they are produced from intercalary meristematic cells not found
in most other red algae and are physiologically distinct (see below), epithallial
*
cells can be considered unique to the Corallinales. The epithallial cell layer
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Figure 1.2. Drawing of longitudinal section through the margin of the thallus of 
a coralline alga. A=apical initials, C=cortical cells, M=medullary cells, 
l=intercalary meristematic cells (subepithallial initials), F=cell fusions. Epithallial 
cells are shaded. (Re-drawn and modified from Kylin 1956).
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may be uni- or multistratose. The distal (outermost) cell wall of epithallial cells 
is uncalcified. In all corallines critically examined, the epithallial cell layer is 
periodically sloughed off, usually in sheets (e.g., Johansen 1969a; Keats etal. 
1993). Previous authorities have suggested that the process of epithallial cell 
sloughing is an antifouling mechanism (Johnson & Mann 1986), but recent 
ecological and electron mircroscopic investigations do not support this 
hypothesis convincingly (Keats etal. 1993,1994; Pueschel & Miller 1996). With 
the exception of only a few specialized cell types, cells of red algae generally 
remain in the G2-phase of the cell cycle (Goff & Coleman 1990). Once formed, 
epithallial cells never enter the DNA replication (S-phase) of the cell cycle or 
divide (Pueschel & Miller 1996; Bailey & Scott, unpubl. observations). The 
ploidy of gametophytic and sporophytic epithallial cells never exceeds basic 1C 
or 2C values of DNA content, respectively. Ultrastructural observations have 
demonstrated that prior to sloughing or senescence cytoplasmic organelles and 
inclusions are mobilized and translocated to cells (epithallial or cortical) below 
the layer of sloughing (Giraud & Cabioch 1983; Millson & Moss 1985; Pueschel 
1996; Pueschel & Miller 1996; Pueschel etal. 1996). Epithallial cell 
senescence and sloughing appear to be part of a specialized, determinate 
program of cell death which is probably genetically regulated.
Cells of filaments are joined by primary pit connections. Depending on 
the species, cells of adjacent filaments may fuse with one another or are joined 
by secondary pit connections. In a very few other species both cell fusions and 
secondary pit connections are present (Townsend etal. 1994,1995). Cell 
fusion in coralline algae is often accompanied by fusion of nuclei as well 
(Johansen 1981; Bailey pers. observ.). Secondary pit connections in corallines 
are formed directly; conjunctor cells are absent in the group.
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The thalli of coralline algae are heavily calcified throughout. The only 
cells, or portions of cells, that are never calcified are those of the reproductive 
systems and the outer walls of epithallial cells. The cell walls of corallines are 
comprised of three wall layers. The innermost cell wall layer is uncalcified, but 
the middle and outer wall layers are impregnated with calcium carbonate.
Unlike most other calcifying seaweeds that precipitate or deposite aragonite, 
corallines deposit calcium carbonate as calcite in their cell walls. Little is known 
of the mechanisms responsible for the deposition of calcite in these algae. 
Johansen (1981) provides an overview of several proposed models of 
calcification for coralline algae. Experimental studies have linked the rate of 
deposition of calcite to photosynthetic activity and pH (e.g., Gao etal. 1993). 
Photosynthetic activities have been demonstrated to generate an alkaline 
microenvironment in intercellular spaces which favors the formation of calcium 
carbonate. It is clear, however, that photosynthetic activity alone does not drive 
the process of biomineralization in coralline algae since some calcified cells 
lack plastids entirely. Calcification in non-photosynthetic cells of corallines is 
believed to be supported by translocation (Pearse 1972; La Velle 1979). 
Additional evidence suggests that the organic cell wall matrix plays a crucial 
role in the process, perhaps serving as the site for the nucleation of calcite 
crystals (Borowitzka etal. 1974; Borowitzka 1982a,b; Millson & Moss 1985; 
Somers etal. 1990; Pueschel etal. 1992b). Depending on their fate, cells of 
corallines that were initially calcified may later be decalcified. Cell sloughing, as 
well as the differentiation or formation of conceptacle primordia, cell fusions, 
and genicula (see below) all involve the decalcification of localized areas of 
vegetative tissue. Processes accounting for decalcification in coralline algae 
are unknown.
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Corallines can be divided into two distinct morphological types based on 
the absence or presence of genicula. Non-geniculate corallines lack genicula 
and most take the form of plaque-like crusts (Figure 1.3). However, depending 
on the species and environmental conditions, non-geniculate corallines can 
assume a bewildering variety of forms. Non-geniculate species may be smooth 
or beset with unbranched or branched protuberances, and a few species are 
arborescent (Woelkerling etal. 1993). In contrast, geniculate species (Figure 
1.4) take the form of upright, branched fronds that are attached to the substrate 
via a crustose basal holdfast system. The thalli of geniculate corallines are 
composed of alternating uncalcified nodes (genicula) and calcified intemodes 
(intergenicula) (Figures 1.4 & 1.5). Most corallinologists follow Johansen 
(1969a, 1976,1981) in recognizing three subfamilies of geniculate coralline 
algae. These subfamilies are delimited from one another by developmental and 
anatomical features of the geniculum (Figure 1.5). In the Corallinoideae 
genicula are unizonate and are comprised of a single tier of specialized 
medullary cells that elongate greatly during development (Borowitzka & Vesk 
1978; Figure 1.5a). Genicula of the Amphiroideae are multizonate. In the latter 
subfamily genicula are composed of many tiers of cells that, in most species, 
are of equal height. Unlike the unizonate genicula of the Corallinoideae, in the 
Amphiroideae genicula are sometimes secondarily corticated (Figure 1.5b).
The genicula of Metagoniolithon, the only genus classified in the subfamily 
Metagoniolithoideae, are also multizonate and corticated but the cells of the 
geniculum are not arranged into regular tiers (Ducker 1979). In marked 
contrast to all other types of genicula, the genicula of Metagoniolithon are 
meristematic and give rise to false whorls of branches (verticillasters) (Figure 
1.5c).
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Figure 1.3. Non-geniculate coralline algae. (A) Lithothamnion, (B)
Lithophyllum, and (C) Mesophyllum. Scale=1cm. (Reproduced with permission 
from Abbott & Hollenberg 1976; see Appendix A).
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Figure 1.4. Geniculate coralline algae. (A) Serraticardia, (B) Lithothrix, and (C) 
Corallina. Scale=1cm. (Reproduced with permission from Abbott & Hollenberg 
1976; see Appendix A).
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Figure 1.5. Schematic diagram illustrating the different types of genicula in the 
coralline algae. (A) unizonate, ecorticate geniculum of the Corallinoideae, (B) 
multizonate, corticate geniculum of the Amphiroideae, and (C) multizonate, 
corticate, and meristematic geniculum of Metagoniolithon. G=genicula, 
IG=intergenicula, co=corticated area, br=branch.
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Five coralline genera (Austrolithon, Choreonema, Ezo, Kvaleya, 
Lesueuria), each monotypic and assigned to a different subfamily, are known 
only as host-associates of other coralline algae. The thalli of Kvaleya and Ezo 
are much reduced in size and develop on the external surface of the host (Adey 
& Sperapani 1971; Adey etal. 1974). In these genera haustoria are produced 
which penetrate the host's surface layers and fuse with host cells below. The 
vegetative thalli of Austrolithon, Choreonema, and Lesueuria are even further 
reduced and develop entirely within the host; only their conceptacles emerge 
above the host's surface (Woelkerling 1987; Woelkerling & Ducker 1987;
Harvey & Woelkerling 1995). The thalli of the latter species are formed just 
beneath the surface of the host and, in general, take the form of diffusely 
organized pseudoparenchymatous pads of cells which are not differentiated into 
distinct cellular regions. These pads of cells ultimately give rise to conceptacles 
externally and may produce few-celled filaments internally as well.
Ultrastructural evidence clearly indicates that Choreonema is a true parasite 
that derives nutrition for growth and reproduction from the cells of its host 
(Broadwater & LaPoint, in press). However, the nature of the relationship 
between other associates and their hosts is not clear.
Reproduction. The life history of coralline red algae is of the 
uPolysiphonia-\ype,* consisting of isomorphic gametangial and sporangial 
phases (West & Hommersand 1981). Field observations indicate that 
sporangial plants are often more common than are gametangial plants and also 
suggest that, at least in some species, gamete production may be controlled by 
seasonal factors (Adey 1973; Chihara 1973; Johansen 1976; Athanasiadis 
1995). Most coralline species are dioecious, but monecious plants and
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hermaphrodite conceptacles have been reported for some species (e.g., May & 
Woelkerling 1988; Chamberlain 1991).
Excepting species of Sporolithon and Heydrichia, all male, female and 
sporangial reproductive structures of corallines are housed in calcified 
chambers termed conceptacles (Figures 1.6 & 1.7). In the former genera 
sporangial conceptacles are lacking and spores are instead formed in 
"sporangial complexes" or sori (Verheij 1992; Keats & Chamberlain 1995; 
Townsend etal. 1994,1995; Alongi etal. 1996). Although anatomically and 
developmentally distinct, the sori of Sporolithon and Heydrichia are 
unquestionably homologous to sporangial conceptacles found in other 
corallines.
Conceptacles are initiated by the differentiation of cells in either the 
intercalary meristematic (cortical) or medullary cell regions. Although mature 
conceptacles may appear identical, the ontogeny of these structures varies 
among species. The conceptacle chamber and roof may be formed by 
filaments overarching the fertile disc. In other species, the conceptacle is 
formed as cells above the fertile disc degenerate (May & Woelkerling 1988; 
Penrose 1992, Woelkerling & Campbell 1992; Woelkerling & Harvey 1992; 
Townsend et al. 1995). Other modifications of these two basic modes of 
conceptacle construction have been documented as well; for example, in the 
Sporolithaceae sporangial chambers are formed as the tetrasporocyte enlarges 
and pushes adjacent filaments aside. Depending on the species, the 
conceptacle roof may be perforated by one to many ostioles, or pores. The 
conceptacle pores of some taxa are occluded by a mucilaginous plug formed at 
the tip of the tetrasporangium which disintegrates prior to the release of spores.
Although detailed comparative analyses of the female reproductive 
apparatus has historically played an important role in the classification of red
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Figure 1.6. Diagram illustrating female/carposporophytic development 
in the coralline red algae. (A) fertilization, (B) transfer of the zygote 
nucleus to the supporting cell via fusion through the hypogynous cell, 
(c) alternative mode of transfer of zygote nucleus directly to the 
supporting cell by a delicate transfer tube, and (D) formation of diploid 
carposporophytic tissues including the central fusion cell, gonimoblast 
filaments, and carposporangia. s=spermatia, t=trichogyne, 
cp=carpogonium, hc=hypogynous cell, sc=supporting cell, bc=basal 
cell, tr=transfer tube, cr=carposporangial remnants, cs=carpospore, 
g=gonimoblast filament, 
fc=fusion cell.
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Figure 1.7. Line drawing of vertical median sections through mature (A) 
carposporangial and (B) spermatangial conceptacles of coralline algae. 
C=carpospores, F=fusion cell, G=gonimoblast filament, P=pore, S=spermatia 
(in black). Scale=50pm. (Re-drawn and modified from Lebednik 1978 and 
Chamberlain 1994).
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algae, details of female (carposporophytic) development in corallines are poorly 
known. Many separate studies present conflicting results which are not easily 
reconciled with one another. It is not presently known if all developmental 
variation recorded in separate studies can be attributed to natural variation 
within the group or other factors. Based on the best available evidence, a brief 
discussion of the mode of female reproductive development in corallines is 
presented below.
Carpogonial branches in corallines are two celled and include the 
carpogonium (with trichogyne) and an hypogynous cell which are derived from 
a subtending supporting cell (Lebednik 1977; Bold & Wynne 1978; Silva & 
Johansen 1986; Woelkerling 1988; Townsend etal. 1995; Figure 1.6a). 
Trichogynes of mature carpogonia protrude outward through the conceptacle 
pore(s). Following fertilization in most corallines, e.g., Metamastophora 
(Woelkerling 1980) and Calliarthron (Johansen 1969a), a channel forms 
between the fertilized carpogonium and the supporting cell as a result of direct 
fusion through the hypogynous cell (Figure 1.6b). Suneson (1937) and 
Lebednik (1977) report that in some taxa (e.g., Melobesia, Mesophyllum and 
Clathromorphum) a transfer tube arises from the base of the carpogonium and 
connects directly with the supporting cell (Figure 1.6c). Presumably the zygote 
nucleus is translocated to the supporting cell through the transfer tube in these 
species. The existence of transfer tubes in the group has, however, been 
questioned and should be confirmed (Woelkerling 1980; Johansen 1981; Silva 
& Johansen 1986). Once the zygote nucleus, or its derivatives, is (are) 
transferred to the supporting cell this cell enlarges, expands laterally, and fuses 
with the supporting cells of adjacent carpogonial filaments. Schmitz (1883) 
referred to the multiple fusion of cells in adjacent carpogonial branch systems 
as the production of a "syncarpium." Suneson (1937) and Lebednik (1977)
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have also reported fusion between cells of the supporting and basal cell layers 
in some melobesioid genera. The resulting large, multinucleate, plate-like or 
lobed fusion cell is centrally located within the conceptacle (Lebednik 1977; 
Woelkerling & Foster 1989; Woelkerling & Harvey 1992; Figures 1.6d & 1.7a). 
Fusion cells are absent or are comparatively reduced in size in Sporolithon and 
Heydrichia (Verheij 1992; Townsend etal. 1994,1995). Reports of 
discontinuous fusion cells in some species have been made; however, these 
observations should be confirmed. Woelkerling and Foster (1989) and 
Woelkerling and Harvey (1992) noted that multiple fertilizations of carpogonia in 
Synarthrophyton and Mesophyllum result in the initiation of several, separate 
fusion cells that may later fuse with one another. Depending on the stage of the 
section examined, multiple initial fusion cells could present the appearance of a 
discontinuous fusion cell. Also, sections through lobed fusion cells could be 
misinterpreted as discontinuous. In most species, short, usually unbranched 
gonimoblast filaments arise from the periphery of the fusion cell and bear a 
terminal carposporangium which produces a single carpospore (Woelkerling 
1988; Figures 1.6d & 1.7a). There are at least three different modes of female 
reproductive development in the Sporolithaceae (Townsend etal. 1995). In 
Sporolithon durum (Townsend etal. 1995), carposporangia develop directly 
from the fertilized carpogonium, but in S. episoredion (Verheij 1992) 
gonimoblast filaments arise from both the dorsal and peripheral sides of a 
fusion cell and carposporangia are produced across the conceptacle floor. In 
corallines, then, the diploid carposporophytic generation includes the central 
fusion cell, gonimoblast filaments, and carposporangia. Diploid carpospores 
are released, germinate and develop into independent, sporophytic plants. 
Critical studies of female-carposporophytic development are needed for a 
number of coralline species for comparative assessment of the variation
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documented in both studies cited here and others. These data are certain to be 
of use for delimiting higher-level taxa within the group and for understanding the 
phylogenetic relationships among them.
Male reproductive development (Figure 1.7b) in corallines does not differ 
considerably from the process observed in other florideophyte red algae 
(Hommersand & Fredericq 1990). In some, but not all, coralline species male 
and female conceptacles are dimorphic. Spermatangial initials may be simple 
or occur in branched, dendroid clusters (Lebednick 1978; Woelkerling 1988; 
Chamberlain & Keats 1994). In some species both types of spermatangial 
branch systems may be found in a single conceptacle. Spermatangial initials 
may be found only on the floor of male conceptacles or on the walls and roofs 
of conceptacles as well. Differences in the size and shape of male 
conceptacles (cf. carpo- and bi-/tetrasporangial conceptacles) and the types 
and distribution of spermatangial initials have been used to delimit genera of 
Corallinales within certain subfamilies.
The initiation and development of tetrasporangial or bisporangial (see 
below) conceptacles is as described above (Figure 1.8). Tetrasporogenesis in 
corallines follows generally the pattern found in other florideophytes with certain 
exceptions. Culture studies (Chamberlain 1987) indicate that meiosis occurs in 
the tetrasporangium. The result is four haploid tetraspores half of which, after 
they are released, settle and germinate into male gametophytes while the other 
half produce female gametophytes. In most corallines, tetraspores are zonately 
cleaved from the terasporangium following meiosis. Simultaneously three cell 
wall infurrowings are initiated and progress centripetally inward, eventually 
separating the four meiotically-derived nuclei into separate spores. The 
simultaneous zonate cleavage pattern of the tetrasporangium observed in the 
Corallinales has not been found in any other red algal taxon. Cleavage of
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Figure 1.8. Line drawing of vertical median section through the mature 
sporangial conceptacle of a coralline alga. T=tetraspores, B=bispores. 
P=conceptacle pore. Scale=100(im. (Re-drawn and modified from Kapraun 
1980).
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tetraspores from the tetrasporangium in species of Sporolithon and Heydrichia 
follows a cruciate pattern not found in other coralline taxa.
Comparative electron microscopic studies of tetrasporogenesis among 
several coralline species representing different subfamilies have been 
completed (Vesk & Borowitzka 1984; Agee & Broadwater 1995; Kamas et al. 
1995; Griffon & Broadwater 1996; Mays etal. 1996). At the ultrastructural level, 
the primary differences in the patterns of tetrasporogenesis among different 
corallines include: 1) the presence or absence of electron dense material 
surrounding the nucleus, 2) the degree of development of perinuclear 
membranes, and 3) the associations of other organelles, e.g., mitochondria and 
plastids, with the dividing nuclei. Patterns of tetrasporogensis are conserved 
within a genus but differ among genera and among subfamilies indicating that 
features of tetrasporogenesis are taxonomically, and perhaps phylogenetically, 
informative. Ultrastructural studies have also demonstrated that a well- 
developed cell wall is associated with the spores of coralline algae (Vesk & 
Borowitzka 1984; J. Scott pers. comm.). Detectable cell walls are absent from 
spores of other red algae. Corallines also reproduce by asexual means. In 
many coralline species bispores are produced in sporangia! conceptacles 
instead of tetraspores (e.g., Duwel & Wegeberg 1996; Figure 1.8). Bispores 
and tetraspores may also both be present in the same conceptacle (e.g., 
Athanasiadis 1995). Bispores are cytokinetically produced by a single 
transverse division of the tetrasporocyte and in most species each spore 
receives a single nucleus. Because uninucleate bispores regenerate the 
sporophytic phase, it is widely accepted that the nuclei of these spores are 
haploid and are the result of mitotic divisions. Binucleate bispores have been 
reported in some species and Suneson (1950) demonstrated that these spores 
develop into male or female plants. In Lithothrix aspergillum bispores were
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found to be produced exclusively by populations on the extreme northern and 
southern ranges of the species (Tyrrell & Johansen 1995). Some corallines are 
able to propagate themselves through asexual vegetative means. Attached 
plants, or portions of attached plants, may break free and are capable of 
continued growth and reproduction (Rosenvinge 1917; Johansen 1969a; Gittins 
& Dixon 1976). These free-living algae are, in some cases, rolled across the 
sea bottom in surge areas and may take the form of rounded "nodules,” or 
rhodoliths. Often the rhodolith has at its center rock or other material on which 
the alga was originally attached. Rhodoliths are abundant off fringing reefs in 
both the northern and southern hemispheres. Common rhodolith-forming taxa 
include species of Lithothamnion and Sporolithon (Adey 1968; Adey & McKibbin 
1970; Bosellini & Ginsberg 1971; Siesser 1972; Keats etal. 1996). Structures 
termed "propagules" have also been recorded for some species, but their role, if 
any, in apomictic reproduction is uncertain (Hollenberg 1970; Coppejans 1978, 
1983; Woelkerling 1988).
Ecology. Coralline algae are found only in marine environments and as 
a group include the overwhelming majority of the calcareous algae of the world. 
Corallines are among the most abundant and geographically widespread of all 
macrophytic seaweeds. Representatives of the order can be found in all marine 
biogeographic regions, from the cold waters of the arctic and antarctic to 
warmer, tropical equatorial waters. Most corallines occupy sublittoral habitats, 
although certain species flourish intertidally and in tide pools in the surge zone. 
The abundance of corallines generally decreases with depth; however, a few 
species are found in deep waters (Littler 1973; Meneses 1993). The deepest 
marine macroscopic alga known is a coralline alga found on an uncharted 
seamount at a depth of ca. 268 meters (Littler & Littler 1985).
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As with other seaweeds, the geographical distribution of species of 
coralline algae is widely believed to be determined by oceanic isotherms. Adey 
and Macintyre (1973) have noted that the species diversity of separate taxa can 
be correlated with seawater temperatures. The Melobesioideae appears to be 
a predominately arctic and subarctic assemblage, whereas species classified in 
the subfamilies Mastophoroideae and Lithophylloideae achieve their greatest 
species diversity in subtropical and tropical waters. The known geographical 
ranges of the genera of coralline algae were summarized by Johansen (1981) 
and Woelkerling (1988). The distribution of coralline species also varies with 
depth. The vertical distribution and abundance of species is dependent on light 
quality and quantity, substrate availability, wave action, dessication tolerance, 
interspecific competition, and grazing pressure (Adey & Macintyre 1973; 
Hackney etal. 1989; Meneses 1993; Leukart 1994). On some coasts dense 
populations of coralline algae represent the dominant members of macroalgal 
climax communities.
Corallines are excellent competitors for primary space in the marine 
environment and are among the first marine organisms to colonize bare 
substrates (Adey & Vassar 1975; Paine 1984; Matsuda 1989; Benedetti-Cecchi 
& Cinelli 1994). Different species of corallines often compete with one another 
at both early and later stages of succession (Ady & Vassar 1975; Paine 1984; 
Steneck 1986; Steneck & Paine 1986; Keats etal. 1994). Excepting in areas of 
high wave energy, corallines are at later successional stages overgrown by 
filamentous algae, tunicates, invertebrates (e.g., anthozoans, bryozoans, 
barnacles, and sponges), and other macrophytic seaweeds (Matsuda 1989).
Corallines provide grazing, habitat, and refugia for a number of 
invertebrate and finfish taxa. Geniculate corallines typically harbor large 
populations of various molluscs, crustaceans, and polychaete worms. A
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number of boring marine worms and other invertebrates make their homes 
inside the thalli of non-geniculate species. Corallines are grazed actively by 
herbivorous fishes, molluscs (e.g., limpets), and various echinoderms (Paine 
1984; Steneck 1986; Steneck & Paine 1986).
In the Precambrian, reefs were constructed mainly by cyanobacteria, but 
hard corals and calcified red algae began to dominate and construct reef 
superstructures during the Ordivician period (Sorokin 1993). Today, coral reefs 
cover approximately two million square kilometers of the earth's surface and are 
home to one quarter of all marine species (Shreeve 1996). Coral reefs are 
restricted to tropical and subtropical waters where the annual mean minimum 
temperature is 18° C or higher (Nybakken 1988). In the absence of corals, 
bioherms of colder waters are constructed primarily by coralline algae.
Coralline algae play fundamental roles in the ecology and geology of coral reef 
ecosystems. Corallines overshadow all other calcareous organisms in terms of 
standing stock in reef ecosystems, often forming continuous pavements many 
kilometers in length (Zaneveld 1958; Littler 1972,1973; Adey & Macintyre 
1973). The productivty of coralline algae is well within the range reported for 
other reef primary producers and the rate of calcification in corallines is 
equivalent to that of hermatypic scleractinian corals (Littler & Doty 1974; Adey 
1978a; Sorokin 1993). Geologically, corallines are involved in the processes of 
reef growth and consolidation. Depending on depth, corallines may cover 40- 
100% of the available reef substrate (Marsh 1970; Littler 1973). Actively 
growing corallines significantly contribute to the accretion of calcium carbonate 
on reefs, particularly on the seaward edges of reefs that are exposed to high 
wave energy. Along the windward edges of reefs in the Pacific and Caribbean 
coralline algae form massive "algal ridges" (Adey 1978a,b). These algal ridges 
are dominated by a few coralline species that outcompete other plants and
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animals (Lee 1967; Littler & Doty 1974; Steneck & Adey 1976). Coring studies 
of reefs in such areas indicate that the rate of calcium carbonate accretion by 
coralline algae is between 3 and 6 meters per 1000 years. Ridge-forming 
hermatypic species are are especially adapted to cope with hydrodynamic and 
physiological stresses associated with relatively prolonged exposure to the 
atmosphere (Littler 1972; Littler & Doty 1974).
When fragmented, or upon decomposition, corallines, as well as a few 
taxa of calcifying green algae (e.g., Halimeda, Udotea, and Peniclllus), release 
calcium carbonate which forms sediment. Approximately 20 - 40% of the total 
amount of soft carbonaceous sediments produced by reef biota can be 
attributed to species of algae (Sorokin 1993). A portion of this sediment is 
swept back into fissures and surge channels of the reef as filler. These 
sediments are-cemented in place by hermatypic organisms and, in time, are 
metamorphosed and incorporated into the reef structure (Ladd etal. 1950; 
Moberly 1970; Ginsberg & Schroeder 1973). The structural integrity and 
development of reefs depends crucially on the cementing and stabilization of 
framework elements by coralline algae (Ladd etal. 1950; Adey & Macintyre 
1973; Ginsberg & Schroeder 1973; Adey 1978a).
In recent decades, a fundamental shift in the community structure of 
coral reef ecosystems has been noted on a worldwide scale (Johnson et al. 
1995). The species composition of reefs previously dominated by corals, 
coralline algae, and fleshy macrophytic seaweeds are being transformed by the 
invasion of turf-forming algae. Changes in the species composition of reefs has 
resulted in changed patterns of carbon flux through the ecosystem (Johnson et 
al. 1995). Many studies have noted that decreases in reef species diversity can 
be correlated to eutrophication of adjacent waters (e.g., Naim 1993; Peyrot- 
Clausade et al. 1995). Earlier studies suggested that phosphate-enriched
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waters may enhance the growth of corallines. However, field and laboratory 
experiments conducted by Bjork etal. (1995) on a Zanzibar reef indicate that 
the abundance, growth, and calcification rates of corallines are adversely 
affected by high phosphate levels.
Fossil corallines. Unlike other macroalgal groups, the calcareous 
nature of corallines has allowed the preservation of an extensive fossil record 
(Johnson 1961; Wray 1977; Braga & Aguirre 1995). Wray (1977) divided fossil 
calcareous red algae into four families, the Solenoporaceae, Gymnocodiaceae, 
Squamariaceae, and Corallinaceae. The first two families listed are extinct, 
whereas the latter two families include both fossil and extant species. Well- 
developed coralline algae assigned to the Solenoporaceae were present by the 
early Devonian period (400 million years ago; Mya) and several lines of 
evidence suggest that the Corallinaceae may have evolved from ancestors 
within the latter family. Undoubted fossil representatives of the Corallinaceae, 
includingSporolithon (syn. Archaeolithothamnion), Lithophyllum, and 
Lithothamnion, first appear in the late Jurassic period (ca. 163 Mya). Sixty 
fossil coralline taxa have been described, 13 of which have been assigned to 
extant genera. There has been little cross-communication between 
palaeontologists and phycologists who study coralline algae. The taxonomy of 
extant taxa is based mainly on vegetative anatomical and reproductive features. 
Conceptacles, or their precursors (?), and their uncalcified contents are not 
preserved in fossil taxa recovered from deposits predating the early Paleocene 
epoch. For this reason, the taxonomic circumscription of fossils assigned to 
extant genera often differs considerably from the modern concepts for these 
genera. The geological ranges of fossil corallines attributed to extant genera 
are presented by Wray (1977). Adey and Macintyre (1973) have proposed a
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phylogenetic hypothesis for the evolution of the Corallinaceae which is based, 
in part, on fossil evidence.
Taxonomic history and circumscription of the Corallinales. In the
early 18th century geniculate corallines were treated as plants (e.g., Tournefort 
1719; Ray 1724), but non-geniculate corallines were considered animals.
Later, Jussieu (1745), Ellis (1755), and Ellis and Solander (1786) concluded 
that all calcareous organisms were compound animals composed of polyps. 
These authors, and later Linnaeus (1758), classified both types of corallines as 
animals, apparently mistaking the conceptacles of coralline algae for the 
skeletal polyp-cups of scleractinian corals.
The family Corallinaceae was erected in 1812 by Lamouroux who also 
referred the taxon to the animal kingdom. In addition to corallines, Lamouroux 
included in the Corallinaceae certain other calcifed red algae (e.g., Galaxaura) 
as well as some siphonous green algae. The plant-like nature of both 
geniculate and non-geniculate corallines, and the relationship of corallines to 
other red algae, was firmly established in studies by Schweigger (1819,1826) 
and Philippi (1837). Non-coralline calcified marine algae were removed from 
the Corallinaceae, and non-geniculate and geniculate corallines were brought 
together for the first time, in studies by Decasine (1842a,b) and Chauvin (1842). 
Schmitz (1892) and Schmitz and Hauptfleish (1897) classified the family 
Corallinaceae within the order Cryptonemiales and aligned this family with the 
Squamariaceae (=Peyssonneliaceae). The alliance of the Corallinaceae and 
Peyssonneliaceae within the Cryptonemiales was based on the key character 
that carpogonia and auxiliary cells were borne on separate branches in-special 
structures (conceptacles and nemathecia, respectively). Vegetative similiarites 
also seemed to ally the Corallinaceae and Peyssonneliaceae since most taxa in
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both families can be characterized as having a crustose habit. Kylin (1928, 
1956), who was influenced by the work of his former student Suneson (1937, 
1943,1945), maintained the same classification. Kylin (1956) emphasized the 
"accessory” nature of the carpogonial and auxiliary cell filaments and keyed the 
Corallinaceae with those taxa in which the carpogonium first fuses with a 
"nurse" cell in the carpogonial branch and, like Schmitz (1892), emphasized the 
nemathecial nature of the system. According to Kylin (1956) the conceptacle of 
the corallines represented a specialized nemathecium. The Corallinaceae was 
classified within the Cryptonemiales for nearly 60 years.
The intrafamilial classification of the Corallinaceae begins with 
Lamouroux (1816) who divided the Corallinaceae into two categories, "polypiers 
articules" and "polypiers inarticulds," but assigned no rank to either group. 
Following Lamouroux, Areschoug (1852) established the tribes Melobesieae 
and Corallineae for non-geniculate and geniculate coralline species, 
respectively. The first validly published subfamilial name, Corailinoideae, was 
proposed by Gray (1821). Taxonomic studies of corallines in the period 1895- 
1911 were dominated by two persons, Mikael Foslie and Franz Heydrich.
During this period, Foslie and Heydrich described approximately 470 and 84 
specific and intraspecific taxa, respectively. Foslie and Heydrich were bitter 
foes who early in their careers often exchanged unseemly, vitriolic remarks in 
print. The taxonomic viewpoints of these authors changed considerably 
(sometimes illogically) between successive papers and were fueled, no doubt, 
by their mutual animosity. Foslie's work, in particular, has been criticized 
because he frequently failed to provide descriptions for taxa in sufficient detail 
to be of use to subsequent workers and also failed to properly catalogue or 
annotate material used in his studies. Further complicating matters, most of 
Heydrich's personal collections of coralline algae were destroyed as a result of
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the Allied bombing of Berlin (1943-44) during the Second World War. This 
situation has resulted in a great deal of confusion about the generic and 
subgeneric limits of the numerous coralline taxa validly erected by these men 
(Johansen 1981). Also, it is well worth noting that the taxa erected by these 
authorities were based almost exclusively on differences in the external 
appearance of the specimens. Because reproductive features were considered 
in only a superficial manner, the type collections of many species do not include 
representatives of each life history phase. This unfortunate circumstance has 
created innumerable practical and nomenclatural problems for present-day 
taxonomic studies of corallines, since the delineation of most genera in the 
modern era is based, at least in part, on the anatomy and development of the 
reproductive structures. The legacy left by Foslie and Heydrich continues to 
frustrate corallinologists today.
Foslie's systematic treatment of the coralline algae, nevertheless, 
remains the cornerstone of recent schemes of classification. Foslie (1903,
1904) divided the coralline algae into eight separate sections, but failed to 
provide valid descriptions for any of these groups. Subsequently, later workers 
legitimately established several subfamilies based on Foslie's original sections. 
Yendo (1902) erected the subfamily Melobesioideae and Setchell (1943) 
established the subfamilies Mastophoroideae, Lithophylloideae, and 
Sporolithoideae. Additional historical and nomenclatural details on the 
classification of coralline algae are provided by Cabioch (1972), Lebednik 
(1977), Johansen (1981), and Woelkerling (1988).
For many years (see above) the Corallinaceae was classified within the 
order Cryptonemiales. In 1985 Kraft and Robins argued that there was no 
logical basis for the separation of the orders Cryptonemiales and Gigartinales 
based on either vegetative or reproductive features and therefore subsumed the
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Cryptonemiales in the Gigartinales. Although it was suggested by some (e.g., 
Lebednik 1977) that the Corallinales should also be subsumed in the 
Gigartinales, ultrastructural data (Pueschel & Cole 1982) clearly indicated that 
the Corallinaceae was not closely related to any taxon included in Kraft and 
Robins' (1985) expanded concept of the Gigartinales. The implicit suggestion 
by Pueschel and Cole (1982) that the Corallinaceae should be elevated to the 
rank of order was formally affected by Silva and Johansen (1986), who erected 
the order Corallinales and delineated the group from other red algal orders 
based on certain reproductive, anatomical, and ultrastructural features. Many 
features considered characteristic of the Corallinales by Silva and Johansen 
(1986) have now been found in other red algal taxa. For example, calcite 
deposition in marine red algae was thought to be restricted to the Corallinales 
but has now been documented in the specialized "calciferous cells" of 
Rhodogorgon and Renouxia (Rhodogrogonales; Norris & Bucher 1989; 
Pueschel etal. 1992b; Fredericq & Norris 1995). Pit plugs of identical 
morphology to those found in corallines have now been documented for species 
classified within the orders Batrachospemales and Rhodogorgonales (Pueschel 
1989,1994; Pueschel etal. 1992a; Table 1.1) And, the cruciate pattern of 
division of the tetrasporangium, once thought to be lacking in corallines, has 
now been found in two putatively primitive coralline genera, Sporolithon and 
Heydrichla. The circumscription of the order Corallinales, therefore, needs to 
be emended. Seven features, which are found in most coralline species, 
distinguish the Corallinales from other red algal orders: 1) vegetative thalli 
(excepting genicula) calcified throughout, 2) simultaneous zonate cleavage of 
tetraspores, 3) presence of well-developed spore cell walls, 4) presence of 
reproductive structures housed in calcified conceptacles or sori, 5) presence of 
both apical and intercalary meristems, 6) presence of physiologically distinct
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epithallial cells that are derived from intercalary meristematic initial cells, and 7) 
post-fertilization events involving a cluster of procarpial filament systems and 
the production of a large, coenocytic fusion cell as part of the development of 
the carposporophyte.
An up-to-date account of selected intraordinal systems of classification 
for coralline algae is presented in the following section.
Coralline systematics. The Corallinales is among the largest and most 
studied of all red algal taxa (Woelkerling etal. 1993). The group is also widely 
acknowledged to be among the most difficult groups of algae to investigate 
taxonomically due, at least in part, to their great diversity and morphological 
variability (Taylor 1960; Kraft 1981). Presently, ca. 27 genera of non-geniculate 
and 15 genera of geniculate corallines are recognized. The number of species 
is still largely guesswork, and is perhaps between 400 and 500 (Woelkerling. 
pers. comm.). The diversity and the relative antiquity (Johnson 1956,1961; 
Wray 1977) of the corallines suggest that the group represents one of the major 
evolutionary lineages of florideophycean red algae.
Most coralline genera and species, particularly non-geniculate forms, are 
indistinguishable on the basis of their external appearance. The accurate 
identification of corallines requires the study of decalcified reproductive 
material, i.e., conceptacles and their contents. Species and generic concepts 
for coralline algae are poorly developed and remain in a state of flux. Phenetic 
approaches to the classification of these algae based upon analyses of 
anatomical and developmental characters have not resulted in a universally 
accepted scheme at any taxonomic level. Many genera have not been studied 
in a modem context and only recently have reproductive characters been 
incorporated among the criteria used for generic delineation within the group
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(Townsend 1981; Turner & Woelkerling 1982; Woelkerling 1983, 1988; May & 
Woelkerling 1988; Penrose & Woelkerling 1988,1992; Penrose 1992; Penrose 
& Chamberlain 1993; Woelkerling & Harvey 1993; Townsend et al. 1994; 
Chamberlain & Keats 1994). The lack of data for some taxa and differences of 
opinion over the taxonomic importance of certain characters have resulted in 
controversy over the status of certain taxa within the group. Current generic 
circumscriptions are not universally accepted (e.g., Cabioch 1972; Woelkerling 
1985; Penrose & Woelkerling 1988; Campbell & Woelkerling 1990;
Chamberlain & Keats 1994; Wilks & Woelkerling 1994). For these reasons, 
generic boundaries in most non-geniculate subfamilies are considered 
“provisional"(Chamberlain & Keats 1994).
There is also little consensus among higher-level taxonomic 
arrangements for the coralline algae presented by various authors. Since 1950, 
15 different suprageneric classification schemes have been proposed for the 
group (Table 1.3). Two merit special attention here because they are most 
commonly encountered in the current literature and represent perhaps the most 
dramatic and divergent hypotheses of suprageneric and generic 
interrelationships within the Corallinales.
The classification scheme proposed by Cabioch (1971,1972,1988; 
Table 1.4) is distinctive in that major emphasis is placed on characters relating 
to conceptacles and cell connections, rather than on the presence or absence 
of genicula. The latter character is used by Cabioch at the ranks of tribe and 
genus. Cabioch's scheme, which she suggests represents a natural 
classification of the coralline algae, requires genicula to have arisen 
independently at least three separate times, presumably from crustose 
antecedents. Cabioch's system of classification has not been widely accepted. 
Instead, most ecological, anatomical, and taxonomic studies of coralline algae
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Table 1.3. Suprageneric classification schemes devised for coralline 
algae since 1950. #  = taxon recognized by the author(s), ■■ = taxonomic 
status of these taxa not discussed in the cited work.
Mason 1953 — _  _
Hamel & Lemoine 1953 • — — —
Kylin 1956 • •  • •
Maslov 1962 • — — —
Zinova 1967 •  • — — —
Johansen 1969 • •  • •  •  •
Adey & Johansen 1972 •  • •  •  •
Cabioch 1972 • •  • •  •
Johansen 1976 •  • •  •  •
Wray 1977
Johansen 1981 • •  • •  •  •
Woelkerling 1988 •  • • •  •  •
Verheij 1993 • •  • • —
Harvey & Woelkerling 1995 • •  • • •  •  •
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 1.4. Intraordinal classification of the Corallinales according to Cabioch 
(1972, 1988).
Taxon Included genera
Family Corallinaceae
Subfamily Sporolithoideae Sporolithon
Subfamily Lithothamnioideae
Tribe Lithothamnieae Kvaleya, Melobesia, 
Mesophyllum, Lithothamnion 
Polyporolithon
Subfamily Corallinoideae
Tribe Mastophoreae Lithoporella, Mastophora 
Metamastophora
Tribe Neogoniolitheae Fosliella, Metagoniolithon 
Neogoniolithon, Porolithon
Tribe Corallineae Alatocladia, Arthrocardia 
Bossiella, Calliarthron, 
Cheilosporum, Chiharaea, 
Choreonema, Corallina, 
Haliptilon, Jania, 
Marginisporum, Serraticardia, 
Yamadaea
Subfamily Lithophylloideae
Tribe Amphiroeae Amphiroa
Tribe Lithophylleae Lithophyllum,
Pseudolithophyllum
Tribe Dermatolitheae Dermatolithon, Goniolithon, 
Lithothrix, Tenarea
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have been conducted within the suprageneric frameworks for the geniculate 
and non-geniculate genera erected by Johansen (1969a, 1981) and 
Woelkerling (1988; Harvey & Woelkerling 1995), respectively. In this system 
the Corallinales are divided into eight subfamilies; five subfamilies of non- 
geniculate genera and three subfamilies that include only geniculate genera. In 
this scheme (Table 1.5) the presence/absence of genicula is treated as the 
overriding phylogenetic criterion at higher levels of classification. The question 
of whether genicula or secondary pit connections are of greater phylogenetic 
significance remains unresolved, and the same can be said of characters 
presently used to delimit subfamilies, tribes, and genera (Johansen 1972,1976; 
Woelkerling 1988; Chamberlain & Keats 1994). No single scheme depicting 
relationships between genera or higher level taxonomic divisions is universally 
accepted at present. Thus, as noted by Woelkerling (1988), determining which 
classification scheme to follow is based primarily on subjective and pragmatic 
considerations.
The relationship of the Corallinales to other red algal lineages also 
remains unclear. Published molecular data suggest that the Corallinales 
represents an early diverging lineage within the florideophycean radiation and 
that the Corallinales may be allied to the Hildenbrandiales (Freshwater et al. 
1994, Ragan etal. 1994). This hypothesis is, however, weakly supported by 
the data and is inconsistent with PuescheFs (1994) assertion that the 
Corallinales is closely related to other red algae that possess pit plugs with two 
cap layers. The phylogenetic affinities of the Corallinales are re-evaluated in 
Chapter 2 of this dissertation.
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Table 1.5. Intraordinal classification of the Corallinales according to Johansen 
(1981) and Harvey and Woelkerling (1995).
Taxon Included genera
Heydrichia, SporolithonFamily Sporolithaceae 
Family Corallinaceae
Subfamily Amphiroideae 
Subfamily Corallinoideae
Subfamily Metagoniolithoideae 
Subfamily Austrolithoideae 
Subfamily Choreonematoideae 
Subfamily Lithophylloideae
Subfamily Mastophoroideae 
Subfamily Melobesioideae
Amphiroa, Lithothrix
Arthrocardia, Alatocladia, 
Bossiella, Calliarthron, 
Cheilosporum, Chiharea, 
Corallina, Haliptilon, Jania, 
Marginisporum, Serraticardia, 
Yamadaea
Metagoniolithon
Austrolithon, Boreolithon
Choreonema
Ezo, Lithophyllum, Titanoderma, 
Tenarea
Fosliella, Lesueuria,
Lithoporella, Mastophora, 
Metamastophora, Spongites, 
Neogoniolithon, Pneophyllum
Clathromorphum, Exilicrusta, 
Kvaleya, Lithothamnion, 
Leptophytum, Mastophoropsis, 
Melobesia, Mesophyllum, 
Phymatolithon, Synarthrophyton
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INTRODUCTION
The marine red algal order Corallinales is comprised of a diverse 
assemblage of species that deposit calcite in their ceil walls. Coralline species 
are found in all the world's oceans and occupy habitats ranging from the 
intertidal down to the lower limits of the the photic zone (Johansen 1976; Littler 
& Littler 1985; Leukart 1994). Corallines are hermatypic organisms that play 
especially important ecological and geological roles in coral reef ecosystems 
(Adey & Macintyre 1973; Sorokin 1993).
Coralline algae can be divided into two types; geniculate and non- 
geniculate. Geniculate corallines take the form of upright, branched fronds that 
are attached to the substrate by a crustose basal holdfast system. The thallus 
of geniculate corallines is divided into uncalcified nodes (genicula) and calcified 
intemodes (intergenicula). In contrast, non-geniculate, or crustose, corallines 
lack genicula. Non-geniculate corallines can assume a bewildering variety of 
different growth forms depending on the species and local environmental 
conditions (Woelkerling et al. 1993). Excepting only a very few species, 
phenotypically plastic non-geniculate corallines cannot be identified on the 
basis of external appearance alone. Accurate identification of these species 
depends fundamentally on detailed studies of their vegetative anatomy and 
reproductive structures (conceptacles and their contents).
As presently circumscribed, the Corallinales contains two families, the 
Sporolithaceae and Corallinaceae, and approximately 42 genera. The 
taxonomic status of some coralline red algae is the subject of conjecture and 
controversy. Most species are poorly known and uniform, meaningful species 
concepts are lacking for nearly all non-geniculate taxa (Woelkerling 1988;
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Woelkerling & Foster 1989). The circumscription genera varies so much that 
some authorities recognize some taxa that are not accepted, or are only 
considered provisional, by others (e.g., cf. Cabioch & Giraud 1978; Woelkerling 
& Irvine 1986; Woelkerling 1988; Campbell & Woelkerling 1990; Chamberlain 
1990, 1996; Wilks & Woelkerling 1994; Chamberlain & Keats 1994). The 
phylogenetic significance, if any, of many organismal features used to delimit 
coralline taxa remains unclear.
In the recent literature, two intraordinal classification systems for the 
Corallinales have been employed which differ in both objective and scope. 
Cabioch (1971,1972) divided the Corallinaceae into five subfamilies including 
the Schmitzielloideae, Sporolithoideae, Lithothamnioideae, Lithophylloideae, 
and Corallinoideae. (Schmitziella endophloea, on which the Schmitzielloideae 
was based, has since been removed from the Corallinales). Cabioch 
postulated that, at the subfamilial level of classification, certain morphogenetic 
and vegetative (e.g., presence/absence of cell fusions and secondary pit 
connections) features were phylogenetically more informative than the 
presence or absence of genicula. Based on her observations (for review see 
Cabioch 1988), Cabioch concluded that geniculate forms had evolved 
independently from within three separate non-geniculate lineages. Thus, in 
Cabioch's scheme the subfamilies Corallinoideae and Lithophylloideae include 
both geniculate and non-geniculate taxa. Within these subfamilies the 
presence or absence of genicula is considered diagnostic of tribes and/or 
genera. Cabioch (1972,1988) contends that her arrangement of the coralline 
algae accurately reflects the natural history of the group.
Cabioch's basic premise that some non-geniculate species may be more 
closely related to geniculate species than to other non-geniculate species has 
been accepted, albeit with critical reservation, by other authorities (Johansen
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1969a,b, 1976; Adey & Johansen 1972; Adey & Macintyre 1973; Woelkerling 
1988; Athanasiadis 1989,1995). In practice, however, this hypothesis has not 
influenced the intraordinal classification of the Corallinales. Instead, most 
ecological, taxonomic, and systematic studies of corallines have been 
performed within the taxonomic frameworks erected by Johansen (1969a, 1976, 
1981) and Woelkerling (1988; Woelkerling & Harvey 1995). In this system, 
eight subfamilies are recognized; three include geniculate species only and five 
include only non-geniculate species. The classification of non-geniculate 
species by Woelkerling (1988; Harvey & Woelkerling 1995) is an explicitly 
phenetically-based system that is designed to organize all available systematic 
information for the group efficiently. Because the classification scheme of 
Johansen (1976, 1981) and Woelkerling (1988; Harvey & Woelkerling 1995) is 
likely to be more familiar to those not specializing in the group, it has been 
selected to provide the basis for discussions of coralline systematics in this 
study.
Attempts to devise a natural classification of the group based on 
organismal characters are plagued by a number of problems. The polarity of 
many organismal character states used in coralline systematics is uncertain. 
Hypothesized character-state transformation series lack objective support and 
instead rely on assumptions made based on the experience of the investigator. 
Although corallines are well-represented in the fossil record (Johnson 1961; 
Wray 1977) most systematically informative vegetative and reproductive 
features are rarely, or imperfectly, preserved. Thus, the fossil record is of 
limited value for helping determine plesiomorphic and derived character states 
within the group. In addition, recent studies have demonstrated that some 
organismal characters traditionally used to delimit non-geniculate coralline taxa 
aretaxonomically, and therefore phylogenetically, unreliable (Woelkerling 1985,
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1987; Penrose & Woelkerling 1988; Campbell & Woelkerling 1990; Penrose 
1991,1992; Woelkerling & Harvey 1992; Penrose & Chamberlain 1993). 
Perhaps most importantly, many species have simply not been thoroughly 
investigated in a modem context and remain poorly known to science. The lack 
of relevant information for some taxa contributes to questions regarding the 
distribution and taxonomic utility of various characters. For this reason, only 
recently have sufficient data accumulated to allow reproductive features to be 
included among those criteria used for generic delineation within the group 
(Keats etal. 1996). Persistent problems such as these must eventually be 
resolved before robust phylogenetic trees can be inferred from organismal data 
for coralline algae. In this investigation an independent molecular data set was 
used to assess the phylogenetic relationships among 37 species of coralline red 
algae.
In a separate study Bailey & Chapman (1996) constructed a 
phylogenetic hypothesis for 23 species classified within the Corallinaceae 
based on an analysis of nuclear-encoded small-unit ribosomal RNA (SSU) gene 
sequences. The results of that investigation were inconsistent with present 
systems of classification for the group. In the present investigation molecular 
systematics studies of the Corallinales have been extended by determining 
SSU sequences for representatives of several phylogenetically important 
lineages not included in the previous study. The new data matrix was used to:
1) test conflicting hypotheses of relationships among coralline taxa at the 
suprageneric and intergeneric levels based on organismal features, 2) test the 
robustness of the earlier SSU-based hypothesis, and 3) examine, using 
character optimization techniques, the phylogenetic utility of organismal 
characters presently used to delimit the families and subfamilies of the 
Corallinales.
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MATERIALS AND METHODS
Taxon sampling. Species included in this study and the number of 
bases determined for the SSU gene of each are listed in Table 2.1. The SSU 
gene sequences are deposited in GenBank under the following accession 
numbers: U60738-U60746, U60943-U60948, and U62113-U62120. Collection 
information for each species is presented in Appendix B. Liquid-preserved and 
dried voucher specimens will eventually be transferred to the Jepson Herbarium 
at the University of California at Berkeley (UC).
DNA extraction. Total cellular DNA was extracted from coralline red 
algae as follows: All centrifugations were performed at room temperature in 
either a Beckman J2-HC floor-model ultracentrifuge equipped with rotor type 
JS-13.1 (Beckman Instruments, Inc., Palo Alto, CA, USA) or Eppendorf model 
5415 C table-top microcentrifuge with rotor F-45-18-11. Stock lysis buffer was 
prepared by combining 12.5 mL 2 M Tris-HCI, pH 7.5, 50 mL 0.5 M ethylene 
diamine tetracetic acid [EDTA], pH 8.0, and 15g of sodium dodecyl sulfate 
[SDS] (Lee & Taylor 1990). The solution was brought to a final volume of 500 
mL with distilled water and sterilized prior to use. One - 10g of non-decalcified 
material was ground in liquid nitrogen. Heavily calcified non-geniculate species 
were crushed with a hammer before grinding. Ground tissue was then 
combined (in 2 mL or 15 mL plastic tubes depending on the amount of starting 
material) with pre-heated (60° C) stock lysis buffer to which had been added 5% 
[w:v] polyvinylpyrrolidone (MW 40 KD; PVP-40) and 10% [v:v] 2- 
mercaptoethanol in a ratio of 1g tissue: 3.5 volumes of lysis buffer. This 
algal/lysis buffer slurry was incubated at 60° C for 1 hr and mixed at 10 min
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Table 2.1. List of 37 species of coralline red algae and number of SSU base 
positions determined for each.
♦ *
Number of
Taxon Bases
Corallinaceae
Corallinoideae
Arthrocardia filicula (Lamarck) Johansen 1649
Bossiella califomica ssp. schmitii (Manza) Johansen 1652
Bossiella orbigniana ssp. dichotoma (Manza) Johansen 1688
Calliarthron cheilosporioides Manza 1620
Calliarthron tuberculosum (Postels et Ruprecht) Dawson 1682
Cheilosporum sagittatum (Lamouroux) J. Areschoug 1655
Corallina elongata Ellis et Solander 1704
Corallina officinalis Linnaeus 1786
'Corallina sp.?' 1724
Haliptilon roseum (Lamarck) Garbary et Johansen 1599
Jania crassa Lamouroux 1717
Jania rubens (Linnaeus) Lamouroux 1358
Serraticardia macmillanii (Yendo) Silva 1725
Amphiroideae
Amphiroa sp. (AUS) 1717
Amphiroa sp. (SAF) 1581
Amphiroa fragilissima (Linnaeus) Lamouroux 1728
Lithothrix aspergillum J. E. G ray 1702
Metagoniolithoideae
Metagoniolithon chara (Lamarck) Ducker 1699
Metagoniolithon radiatum (Lamarck) Ducker 1518
Metagoniolithon stelliferum (Lamarck) Weber-van Bosse 1573
Lithophylloideae
Lithophyllum kotschyanum (Unger) Foslie 1714
Mastophoroideae
Spongites yendoi (Foslie) Cham berlain 1712
Melobesioideae
Clathromorphum com pactum (Kjellman) Foslie 1636
Clathromorphum parcum (Setchell et Foslie) Adey 1666
Lithothamnion glaciate Kjellman 1729
Lithothamnion tophiforme Unger 1683
Leptophytum acervatum (Foslie) Chamberlain et Keats 1723
Leptophytum ferox (Foslie) Chamberlain et Keats 1676
'Leptophytum foveatumT 1664
Mastophoropsis caniculata (Harvey et Hooker) Woeikerling 1423
Mesophyllum englehartii (Foslie) Adey 1647
Mesophyllum erubescens (Foslie) Lemoine 1624
(table con'd.)
* *
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Phymatolithon laevigatum (Foslie) Foslie 1685
Phymatolithon lenormandii (J. Areschoug) Adey 1678
Synarthrophyton patena (Hooker et Harvey in Harvey) Townsend 1623 
Sporolithaceae
Heydrichia woelkerlingiiTownsend, Chamberlain et Keats 1758
Sporotithon durum (Foslie) Townsend et Woelkerling 1575
* Ragan etal. (1994), GenBank accession no. L26184 
** Sequences for these species not submitted to GenBank (see text).
intervals. Samples were then spun for 5 min at 2000 x g to remove larger 
pieces of material and cellular debris from the solution. After centrifugation, the 
supernatant was transferred to new tubes, extracted with an equal volume 
ofphenol: chloroform (49:1), and spun for 8 min at 3000 x g. The aqueous 
phase was collected, transferred to new tubes, extracted with an equal volume 
of phenol: chloroform: isoamyl alcohol (25:25:1), and spun for 8 min at 3000 x 
g. After spinning, the aqueous fraction was removed and re-extracted with 
phenol: chloroform as above. Following centrifugation, the aqueous phase was 
transferred to new tubes, 0.8 volumes of isopropyl alcohol was added, and the 
solution was mixed for 2 min. The sample was then centrifuged at 16000 x g 
for 3 min and stored at -20° C for 1 hr. After freezing, the sample was re­
centrifuged at 16000 x g for 10 min. Nucleic acid pellets were air dried and 
100-200 jiL of sterile water was added. Due to the presence of contaminating 
polysaccharides which co-precipitated with the nucleic acid pellet at this step, 
pellets were either placed in an incubator at 37° C for 15 - 45 min or were 
stored overnight at 4° C to resuspend the pellets. To the solution, an equal 
volume of 4M LiCI was then added to precipitate RNA, mixed for 2 min, spun at 
16000 x g for 3 min, and stored at 4° C for 1 hr. After refrigeration, the sample 
was spun at 16000 x g for 10 min and the DNA-containing supernatant was 
transferred to new tubes. An equal volume of ice-cold 100% ethanol and 0.1
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volumes of 4M NaCI was then added to the DNA solution(s), samples were 
spun for 3 min at 16000 x g, and stored at -20° C for 1 hr. Following freezing, 
DNA pellets were precipitated by spinning at 16000 x g for 10 min. DNA pellets 
were air-dried, 100-150 pL of sterile water were added, pellets were put into 
solution by incubation at 37° C or overnight refrigeration as above, and then 
combined into a single sample if necessary. Finally, to remove any remaining 
contaminants (polysaccharides) DNA samples were purified with a GeneClean 
II Kit (Bio 101, La Jolla, CA, USA) following the vendor's suggested 
specifications. DNA was resuspended in 100-150 pL of sterile water and stored 
until needed at -20° C.
PCR amplification and sequencing of SSU genes. Oligonucleotide 
primers used to amplify and sequence the nuclear-encoded 18S rRNA gene 
included both primers originally developed for higher land plants and green 
algae (Hamby etal. 1988) and primers designed specifically for rhodophycean 
taxa (Saunders & Kraft 1994). Template DNA was polymerase chain reaction 
(PCR) amplified in 0.5 mL micro-centrifuge tubes (USA/Scientific Plastics,
Ocala, FL, USA) in a total reaction volume of 100 pL Each amplification 
reaction consisted of 5-20 pL of a 10-2 dilution of DNA template, 4 pL each of 
the two flanking primers (10 pM), 6 pL MgCfe (25 mM), 6 pL of 1 mM 
deoxynucleotide mix (containing dATP, dTTP, dCTP, and dGTP), 10 pL 10X 
PCR reaction buffer (Perkin-Elmer, Branchburg, NJ, USA), 0.25 pL Tfl DNA 
polymerase (Epicentre Technologies, Madison, Wl, USA), and an appropriate 
amount of sterile water. Negative controls, lacking target DNA template, were 
included for each set of reactions. Double-stranded (symmetric) amplifications 
were performed in a Perkin-Elmer Cetus DNA thermocycler with an initial 
denaturation step of 95° C for 3 min, followed by 27 cycles of 1 min at 95° C,
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primer annealing for 1 min at 50° C, and extension for 2 min at 72° C. PCR 
amplification products were checked on ethidium bromide-stained 0.8% 
agarose 1X TBE gels for correct length, (against a standard 1 KB DNA ladder; 
Life Technologies, Inc. Gaithersburg, MD, USA) yield, and purity. 
Unincorporated dNTPs, excess primers, Tfl polymerase and salts were 
removed from pooled DNA amplification products with Millipore UFC3 TTK 00 
(30,000 NMWL) filter units (Millipore Corporation, Bedford, MA, USA) in a 
variable speed Eppendorf 5415 C table-top microcentrifuge and amplification 
products were brought to a concentration of ca. 5-40 ng DNA/pL. Purified 
amplification products were sequenced following the manufacturer's 
specifications for the AmpliCycle® sequencing protocol (Perkin-Elmer). 
Sequencing primers were end-labeled with 22P or 33p dATP (DuPont, Boston, 
MA, USA) to allow visualization of the resulting fragments by autoradiography. 
DNA fragments were separated on 6% Long Ranger (FMC, Rockland, ME,
USA) gels according to standard methods (Sambrook etal. 1989).
Sequence alignment and data analysis. Sequences were first aligned 
automatically with the PILEUP program (UNIX v. 8.0, Genetics Computer Group 
1994) and then edited interactively using the Sequence Editor program (Olsen 
et al. 1991). Regions of the data matrix that could not be unambiguously 
aligned were excluded from subsequent analyses. Including gaps, the resulting 
data matrix, including all species, contains 1739 positions. Maximum 
parsimony and maximum likelihood analyses (see below) of these data were 
rooted with the SSU sequence for Rhodogorgon carriebowensis, which was 
kindly provided by Dr. G. W. Saunders.
Because much of the sequence data excluded from the alignment 
containing all species are conserved among species classified in the
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subfamilies Melobesidoideae and Corallinoideae, separate alignments were 
constructed for these taxa. Phylogenetic analyses of the data matrices for the 
Melobesioideae (1736 positions) and Corallinoideae (1744 positions) were 
rooted with Corallina officinalis and Amphiroa fragilissma, respectively.
Phylogenetic hypotheses of relationships among coralline species were 
inferred using both maximum parsimony and maximum likelihood optimality 
criteria. Heuristic parsimony analyses were performed in PAUP (v. 3.1.1., 
Swofford 1993) using the tree bisection-reconnection (TBR) algorithm with 
random sequence addition (500 replicates), COLLAPSE and MULPARS options 
in effect. All sites were weighted equally and alignment gaps were treated as 
missing data. Support for nodes was assessed by calculating bootstrap 
proportions based on 100 resamplings of the set (Felsenstein 1985).
Maximum likelihood (ML) analyses were performed with the fastDNAml 
program (v. 1.0.8, Olsen etal. 1994). The optimal transition:transversion (tn:tv) 
ratio was determined separately for each data set by plotting a range of tn:tv 
values against their corresponding inferred log likelihoods (data not shown).
The optimal tn:tv was determined to be 2.15 for the taxon-replete matrix, 2.40 
and 2.00 for the separate melobesioidean and corallinoidean data matrices, 
respectively. These values were used in all subsequent replicate ML analyses 
of the data sets. ML analyses were replicated ten times for each data set using 
empirical base frequencies and random orders of sequence addition. Local 
rearrangements were permitted during the sequential addition phase of the 
algorithm and global rearrangements were performed on the completed tree(s). 
User-defined analyses and the log likelihood ratio test (Felsenstein 1988) were 
used to determine if ML trees differed significantly from the parsimony trees.
To examine the phylogenetic utility of seven morphological characters 
used to delineate the families and subfamilies of the Corallinales, character
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states for each of these features were coded in binary form for each species 
and appended to the SSU data matrix. The seven characters, their possible 
character states, and the morphological data matrix are presented in Appendix 
C. Cladistic analysis of the combined SSU and morphological data was 
performed as above. Morphological character states were traced on the tree(s) 
under both delayed (DELTRAN) and accelerated (ACCTRAN) transformation 
criteria as implemented in the MacClade software package (v. 3.0, Maddison & 
Maddison 1992).
RESULTS
For parsimony, the taxon-replete data set contained 269 phylogenetically 
informative positions. Cladistic analysis of these data yielded 72 equally most 
parsimonious trees of 853 steps. The strict consensus of these trees is 
presented in Figure 2.1. Replicate ML analyses of the taxon-replete data matrix 
resulted identical trees (Ln likelihood = -7718.11453) that did not differ 
significantly from the parsimony trees (p<0.05). The consensus tree shown in 
Figure 2.1, with the exception of only the inclusion of new species herein, is 
consistent with the phylogenetic hypothesis for the Corallinales presented by 
Bailey & Chapman (1996).
Four major lineages are resolved within the order (Figure 2.1). The 
Sporolithaceae, including Sporolithon durum and Heydrichia woelkerlingii, is 
resolved as the earliest divergence within the order and forms the sister group 
to a monophyletic (BP=100%) Coraliinaceae. The bootstrap confidence value 
for the sister group relationship between these species in notably low (51%). 
This is a result of the fact that the SSU sequences of Sporolithon durum and
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Heydrichia woelkerlingii 
Sporolithon durum 
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Amphiroa fragilissima 
Lithothrix aspergillum 
Lithophyllum kotschyanum 
Metagonioiithon chara 
Metagoniolithon radiatum 
Metagonioiithon stelliferum 
Spongites yendoi 
Cheilosporum sagittatum 
Haliptilon roseum 
Jania crassa 
Jania rubens 
Corallina officinalis 
Corallina elongata 
■'Corallina sp. ?'
Bossiella californica ssp. schmitii 
Bossiella orbigniana ssp. dichotoma 
Calliarthron cheilosporioides 
Calliarthron tuberculosum 
Serraticardia macmillanii 
Arthrocardia filicula 
Mesophyllum englehartii 
'Leptophytum foveatum?' 
Mesophyllum erubescens 
Leptophytum acervatum 
Leptophytum ferox 
Synarthrophyton patena 
v—  Clathromorphum compactum 
t—  Clathromorphum parcum 
Mastophoropsis caniculata 
Phymatolithon laevigatum 
Phymatolithon lenormandii 
Lithothamnion glaciale 
Lithothamnion tophiforme
Figure 2.1. Strict consensus of 72 equally most parsimonious trees (Cl=0.56; 
Rl=0.77) resulting from a cladistic analysis of SSU gene sequences for 37 
species of coralline algae. Circled numbers indicate the four major lineages 
resolved within the Corallinales and are numbered according to the order in 
which they are discussed in the text. Bootstrap values (> 50%) for each node 
are indicated above branches.
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Heydrichia woelkerlingii are almost equally as likely to be associated with the 
outgroup, Rhodogorgon carnebowensis, as they are with each other. These 
results suggest that the Rhodogorgonales and Corallinales may be much more 
closely related that previously thought (Norris & Bucher 1989; Ogden 1992; 
Pueschel e ta i 1992a; Fredericq & Norris 1995). In fact, if any other red algal 
SSU sequence is added to the alignment and is selected as the outgroup 
Rhodogorgon carnebowensis is resolved within the ingroup (i.e., the corallines) 
(data not shown). The relationship between the Rhodogorgonales and 
Corallinales is discussed further in Chapter 3.
The non-geniculate subfamily Melobesioideae is resolved as a 
monophyletic group and represents the second major lineage within the 
Corallinales. Relationships among most genera within the subfamily are not 
clearly resolved in the taxon-replete tree (Figure 2.1). For parsimony, the 
separate alignment constructed for the Melobesioideae contained 109 
informative positions. Cladistic analysis of the melobesioidean data matrix 
resulted in a single most parsimonious tree of 302 steps (Figure 2.2). All ten 
replicate ML analyses of this data set resulted in trees which were identical to 
one another (Ln likelihood = -4302.36483) and the parsimony tree (Figure 2.2). 
All genera within the subfamily represented by at least two species are resolved 
as monophyletic, excepting Leptophytum (see discussion). Bootstrap values 
indicate that most nodes of the tree are moderately to strongly supported; 
however, the relationships of Synarthrophyton patena and Mastophoropsis 
caniculata to other melobesioidean species remains unclear.
The third major clade includes geniculate species classified within the 
subfamily Corallinoideae (Figure 2.1). The subfamily comprises two sister 
clades, but relationships among some genera within these subgroups are either 
unresolved or are poorly supported by bootstrap confidence values. The
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Figure 2.2. Single most parsimonious phylogram (Cl=0.70; Rl=0.60) depicting 
phylogenetic relationships inferred among 13 melobesioid species. Bootstrap 
values (> 50%) for each node are indicated above branches.
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separate corallinoidean alignment contained only 62 phylogenetically 
informative positions. Cladistic analysis of these data resulted in 18 equally 
most parsimonious trees of 272 steps. The strict consensus of these 18 trees is 
presented in Figure 2.3. All replicate ML analyses of the corallinoidean data 
matrix yielded identical trees (Ln likelihood = -3994.02150) that are consistent 
with the parsimony tree (Figure 2.3). The topologies of parsimony and ML trees 
found following analyses of the separate alignment differ only slightly from that 
of corallinoidean subtree shown in Figure 2.1. In these trees Jania crassa is 
resolved as sister to Haliptilon roseum (Figure 2.3) and not as sister to a clade 
including H. roseum and Cheilosporum sagittatum. Although the monophyly of 
the subclade is well supported (Figures 2.1 & 2.3), robust character support for 
hypotheses of relationships among the genera Jania, Cheilosporum, and 
Haliptilon is lacking. In none of the analyses performed here are the genera 
Jania and Bossiella resolved as monophyletic taxa. For Jania, this observation 
can almost certainly be attributed to the fact that the sequence of Jania rubens 
is less complete than that of Jania crassa (Table 2.1). In most optimal 
solutions, Bossiella californica ssp. schmittii is resolved as sister to an 
unresolved polychotomy including species of Calliarthon and Serraticardia, as 
well as Bossiella orbigniana ssp. dichotoma (e.g., Figure 2.3). Sequence 
divergence values among species within this group of genera are very low 
(0.8%) and emphasize the fact that phylogenetic signal in this area of the tree is 
weak. More variable data are needed to determine the relationships among the 
latter genera. For these reasons, the hypotheses that Jania and Bossiella are 
not natural taxa are not considered further in this study.
Crustose field-collected material for the taxon labeled 'Corallina sp.?' 
was originally identified as a non-geniculate coralline. The SSU sequence of 
this entity, however, differs from that of Corallina officinalis and Corallina
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Figure 2.3. Strict consensus of 18 equally most parsimonious trees (Cl=0.84; 
Rl=0.71) inferred from SSU gene sequences for 13 corallinoidean species. 
Mapped character states indicate conceptacle positions for genera within the 
group: A=axial, M=marginal, and L=lateral. Bootstrap values (> 50%) for each 
node are indicated above branches.
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elongata by only 0.7% and is resolved as closely related to the latter species in 
all analyses (Figures 2.1 & 2.3). This result clearly suggests that the "crust" 
collected is actually the basal crust (holdfast) of a species of the geniculate 
genus Corallina. Excluding the sequence for'Corallina sp.?’ from parsimony or 
ML analyses of the taxon-replete or corallinoidean data matrices has no effect 
on the topology of the resulting trees and was therefore included in the study.
The SSU data strongly (BP=97%) support the monophyly of a fourth 
clade comprised of species classified in the non-geniculate subfamilies 
Mastophoroideae and Lithophylloideae and the geniculate subfamilies 
Metagoniolithoideae and Amphiroideae (Figure 2.1). The clade is subtended by 
Spongites yendoi (Mastophoroideae), which diverges prior to a clade including 
species of Metagonioiithon. These lineages are, in turn, allied to species 
representing the subfamilies Lithophylloideae and Amphiroideae, which are 
resolved as sister taxa. Within the latter assemblage of taxa, the subfamilies 
Metagoniolithoideae (BP=100%) and Amphiroideae (BP=71%) are resolved as 
monophyletic.
Analysis of the combined SSU and morphological data set resulted in 72 
equally most parsimonious trees of 863 steps. These trees are identical to 
those found following the analysis of SSU gene sequences only. A minimum of 
ten steps are required to fit the character states of the seven morphological 
characters onto the tree. The inferred path of evolution for the morphological 
characters is graphically depicted on the "reduced" (cf. Figure 2.1) cladogram 
shown in Figure 2.4. Character states for six of the seven characters are fitted 
onto the tree without conflict (Cl=1.00) and identically under both DELTRAN 
and ACCTRAN optimization criteria. The seventh character, presence or 
absence of genicula, is more homoplastic (Cl=0.33). DELTRAN optimization of 
the latter feature suggests that genicula arose independently in three separate
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Figure 2.4. Simplified cladogram depicting relationships inferred among the 
families and subfamilies of coralline algae included in this study. Key to 
mapped organismal character states: P-=sporangial plugs absent, 
2C=secondary pit connections present, F/2C=both cell fusions and secondary 
pit connections present, S=sorus, SC=sporangial conceptacles present, 
Tc=division of tetrasporangium cruciate, MC=sporangial multiporate, 
G=genicula present. See Appendix B and discussion for further details.
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lineages of coralline algae (Figure 2.4). The ACCTRAN character state 
optimization criterion suggests that genicula were present in the common 
ancestor of the subfamilies Corallinoideae, Amphiroideae, Metagoniolithoideae, 
Mastophoroideae and Lithophylloideae but were independently lost in the 
ancestors of the latter two (non-gen icu late) groups. The latter scenario is 
inconsistent with paleontological evidence (Johnson 1956,1961; Wray 1977), 
which indicates beyond any reasonable doubt that non-geniculate algae of the 
melobesioid, lithophylloid, and mastophoroid lineages precede all geniculate 
corallines in the fossil record. Based on these independent data, the 
ACCTRAN result is rejected in favor of the hypothesis for character state 
assignments at internal nodes of the tree suggested by DELTRAN optimization 
(Figure 2.4).
DISCUSSION
Sporolithaceae. The family Sporolithaceae (Verheij 1993) includes two 
genera, Sporolithon and Heydrichia. The molecular data support the 
monophyly of the Sporolithaceae; Sporolithon durum and Heydrichia 
woelkerlingii are inferred to be sister taxa. In relative terms, these genera differ 
considerably from other coralline algae. Sporolithon and Heydrichia lack 
tetrasporangial conceptacles found in all other corallines; instead, 
tetrasporangia in these genera develop within "sporangial complexes," or sori 
(Verheij 1992,1993; Townsend etal. 1994,1995). Other autapomorphic 
features of the group include the presence of both cell fusions and secondary 
pit connections as well as the cruciate pattern of cleavage of the 
tetrasporangium. Unlike most other algal taxa, the calcareous corallines have 
an extensive fossil record (Johnson 1961,1963; Adey & Macintyre 1970; Wray
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1977; Poignant 1985). The extant genus Sporolithon (= Archaeolithothamnion) 
has a continuous fossil record extending at least into the late Jurassic period 
(ca. 165 million years ago; mya) (Wray 1977). Based on these anatomical and 
fossil data, most corallinologists concur that Sporolithon likely represents the 
oldest extant lineage within the Corallinales (Johnson 1956; Cabioch 1970; 
Townsend 1982). This hypothesis is supported by the molecular data which 
indicate that Sporolithon and Heydrichia are the earliest-diverging taxa within 
the Corallinales. Before the family Sporolithaceae was erected by Verheij
(1993), Sporolithon was classifed either within the subfamily Melobesioideae 
(e.g., Adey etal. 1982; Johansen 1981; Woelkerling 1988) or in a separate 
subfamily (the Sporolithoideae sensu Cabioch 1971,1972,1988). The notion 
that Sporolithon may be closely related to the Melobesioideae is based on the 
observation that Sporolithon shares certain vegetative anatomical and 
reproductive features with melobesioid taxa, and, in particular, Lithothamnion 
(Adey 1970; Adey etal. 1982). Although resolved as sister taxa, the long 
branch (70 steps) uniting the Sporolithaceae with other corallines implies that 
the phylogenetic relationship between the Sporolithaceae and the subfamily 
Melobesioideae is not a close one.
Melobesioideae. The subfamily Melobesioideae includes ten putative 
genera that are delimited from one another by a combination of nine characters 
(Chamberlain & Keats 1994). Members of this diverse taxon are easily 
distinguished from other non-geniculate corallines by the presence of both 
multiporate bi-/tetrasporangial conceptacles and apical plugs that occlude the 
pore above each sporangium prior to spore release (Woelkerling 1988; May & 
Woelkerling 1988). The taxonomic status of most genera within the group is
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uncertain and generic boundaries are considered "provisional"(Chamberlain & 
Keats 1994).
Phylogenetic trees inferred from SSU gene sequence data support the 
monophyly of the Melobesioideae (Figure 2.1). The molecular data also 
provide strong support for several independent lineages (genera) within the 
subfamily, but the interrelationships among these lineages are not resolved 
robustly in all cases. The results do, however, provide valuable new insights 
into several taxonomic problems within the group.
The taxonomic disposition of the genus Phymatolithon is not universally 
agreed upon by corallinologists. Phymatolithon has generally been considered 
distinct from, but closely related to, Lithothamnion (e.g., Adey 1970; Woelkerling 
& Irvine 1986; Chamberlain & Keats 1994). According to the latter authorities, 
Phymatolithon can be delimited from Lithothamnion on the basis of three 
vegetative features, viz. the relative lengths of subepithallial initial cells, 
epithallial cell morphology, and the mode of cell elongation in the region of the 
subepithallial initials (see also Adey & Johansen 1972). In contrast, Giraud 
and Cabioch (1978) did not consider the above features to be of significance at 
the generic level and, instead, recognized Phymatolithon as one of three (with 
Clathromorphum and Leptophytum) subgenera of Lithothamnion. Wilks and 
Woelkerling (1994) have also argued that the characters presently used to 
distinguish Phymatolithon from Leptophytum (Chamberlain & Keats 1994) need 
to be re-evaluated critically and concluded the the latter genera cannot, as 
presently diagnosed, be easily delimited from one another. The SSU data 
support the notion that Phymatolithon and Lithothamnion are closely related 
taxa. Pairwise comparisons indicate that, on average, the SSU sequences for 
species of Phymatolithon and Lithothamnion differ from one another by only 
3%. In the taxon-replete tree (Figure 2.1) species of Phymatolithon and
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Lithothamnion are resolved as a monophyletic group within the subfamily. In 
the separate parsimony and ML analyses of SSU data for melobesioidean taxa 
(Figure 2.2), Lithothamnion diverges first followed by Phymatolithon. With the 
latter data set, however, a penalty of only four additional steps is incurred if 
Phymatolithon and Lithothamnion are constrained to monophyly as shown in 
Figure 2.1. These results confirm the notion that the latter two genera are 
closely related. Although there is some question about whether the characters 
presently used to delimit Phymatolithon from Leptophytum will ultimately prove 
to be taxonomically useful (Wilks & Woelkerling 1994), the SSU data indicate 
convincingly that Leptophytum represents a lineage that is distinct from 
Phymatolithon and Lithothamnion. In addition, the SSU trees (Figures 2.1 & 
2.2) do not support the hypothesis that Clathromorphum and Leptophytum are 
closely related to Lithothamnion (sensu Giraud & Cabioch 1978).
The taxonomic disposition of Leptophytum also has been the subject of 
considerable debate (Woelkerling & Irvine 1986, Chamberlain & Keats 1994; 
Wilks & Woelkerling 1994). The SSU data indicate that Leptophytum 
acervatum and Leptophytum feroxate very closely related and represent an 
independent lineage within the subfamily. The SSU sequence for 'Leptophytum 
foveatum', however, strongly (BP=100%) allies this taxon with Mesophyllum 
engelhartii within a clade that also includes Mesophyllum erubescens. This 
result is consistent with earlier observations as well (Bailey & Chapman 1996). 
Under parsimony, a minimum penalty of 18 additional steps is assessed if the 
genus Leptophytum is constrained to be monophyletic. Comparsions of the 
SSU sequences themselves, and the results of the phylogenetic analyses 
presented here, strongly suggest that the 'Leptophytum foveatum' isolate has 
been misidentified and that the species is probably attributable to Mesophyllum.
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If so, the SSU data appear to support the recognition of Leptophytum as a 
distinct genus within the Melobesioideae.
Adey and Johansen (1972) recognized two tribes within the 
Melobesioideae, the Phymatolitheae (comprising the genera Phymatolithon, 
Leptophytum, and Kvaleya) and Lithothamnieae (Areschoug 1852; Lebednik 
1977) including all other melobesioid genera. These tribes were established on 
the basis of variation among features including meristematic cell length, site of 
cellular elongation, and the anatomical origin of conceptacle primordia. The 
SSU sequence data do not support the monophyly of either tribe and indicate 
that both are paraphyletic. These results suggest that the features considered 
diagnostic of the tribes listed above have evolved convergently and are not 
phylogenetically informative.
The paleontological record for the Melobesioideae is not a diverse one 
and most fossil representatives of the group have been assigned to the genus 
Lithothamnion, which first appears in the late Jurassic (ca. 165 mya). Because 
of similarities in their vegetative anatomy and the imperfectly preserved 
condition of most specimens, it is likely that Lithothamnion also includes the 
fossil ancestors of other melobesioid genera. Putative fossil representatives of 
Lithothamnion precede other distinct melobesioid genera (e.g., Mesophyllum 
and Melobesia) in the fossil record by ca. 90- 100 million years (Wray 1977). 
The early appearance of Lithothamnion in the fossil record, and its supposed 
close relationship to Sporolithon (e.g., Adey etal. 1982), have been considered 
as evidence suggesting that the genus is the most primitive among melobesioid 
taxa. This hypothesis is consistent with the SSU gene trees (Figures 2.1 & 2.2) 
which indicate that Lithothamnion (or Lithothamnion/Phymatolithon) is the basal 
lineage within the Melobesioideae and that the genus diverged earlier than 
Mesophyllum (Wray 1977).
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Corallinoideae. The primary taxonomic feature distinguishing the 
subfamily Corallinoideae from other subfamilies within the order is the 
possession of unizonate, ecorticate genicula. The genera of Corallinoideae are 
classifed in two tribes which are delimited from one another on the basis of a 
number of morphological and reproductive features (Johansen & Silva 1978; 
Garbary et al. 1981; Garbary & Johansen 1982). The tribe Janieae is 
comprised of the genera Jania, Haliptilon, and Cheilosporum, and the tribe 
Corallineae includes all other corallinoidean genera. The SSU data support the 
monophyly of the tribes Janieae and Corallineae and indicate that these 
lineages diverged from one another early in the evolutionary history of the 
group (Figures 2.1 & 2.3). Due to low SSU gene sequence variation and 
missing data for some included species (Table 2.1) relationships among genera 
within either tribe are not clearly resolved.
Johansen (1969a) regarded the anatomical origin of conceptacles to be 
of prime significance for classifying and understanding the evolutionary history 
of corallinoidean genera. Based on this postulate, and other considerations, 
Johansen (1969a, p. 68) presented a branching diagram depicting possible 
phylogenetic relationships among 11 corallinoidean genera. To test Johansen's 
proposal that conceptacle positions are phylogenetically informative, 
conceptacle positions were recorded for each genus included in this study 
(Table 2.2) and were mapped onto the corallinoidean tree(s). Regardless of 
whether the topology of Figure 2.1 or Figure 2.3 is used, three steps are 
required to fit the character states onto the tree. The SSU gene tree supports 
Johansen's contention that axial conceptacles are plesiomorphic and that 
marginal and lateral conceptacles are derived character states within the group 
(Figure 2.3). Johansen (1969a, p. 68) also speculated that"Bossiella is a
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Table 2.2. Conceptacle positions for the genera of Corallinoideae included in 
this study. Data summarized in Johansen (1969a, 1981).
Genus Conceptacle position
Arthrocardia A
Bossiella L
Calliarthron L
Cheilosporum M
Corallina A
Haliptilon A
Jania A
Serraticardia L
A=apical, L=lateral, M=marginal
genus of relatively recent origin." The data also are consistent with this 
proposal and indicate that Bossiella is closely related to Calliarthron and 
Serraticardia. Bossiella, Calliarthron, and Serraticardia all bear lateral 
conceptacles, although axial conceptacles have been reported in the latter 
genus as well (Johansen 1969a).
The earliest fossil Corallinoideae are referred to the genera Arthrocardia 
and Jania, which appear first in deposits of the late Cretaceous period (ca. 125 
-100 mya) (Wray 1977). In the SSU trees (Figures 2.1 & 2.3) these genera 
diverge prior to others for which fossil representatives in the Mesozoic are 
unknown. Paleontological evidence indicates that most corallinoidean taxa 
evolved in the Cenozoic era (Johanson 1961; Wray 1977). Corallina appears in 
the Eocene (40 - 50 mya) and is followed by Calliarthron which has been found 
in deposits of the Miocene epoch (15-20 mya). These fossil data are 
consistent with, and provide independent support for, the relative order of 
branching of genera within the Corallinoideae inferred from the molecular data 
(Figure 2.3). The lack of SSU gene sequence variability among species of the
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Corallinoideae and the fossil data further suggest that this group is a recent 
divergence within the order.
Mastophoroideae, Metagoniolithoideae, Lithophylloideae, and 
Amphiroideae. The fourth major lineage of coralline algae resolved in this 
study includes species referred to the non-geniculate subfamilies 
Mastophoroideae and Lithophylloideae as well as the geniculate subfamilies 
Metagoniolithoideae and Amphiroideae. The observation that these taxa form a 
monophyletic group is not consistent with any previous taxonomic scheme 
proposed for the coralline algae (e.g., Cabioch 1971; Johansen 1976,1981; 
Woelkerling 1988).
The geniculate subfamily Metagoniolithoideae includes a single genus, 
Metagonioiithon, and three species that are endemic to the continent of 
Australia. Cabioch (1972,1988) postulated that Metagonioiithon and certain 
mastophoroid genera (e.g., Neogoniolithon) are members of a distinct 
evolutionary lineage closely related to other mastophoroid genera and 
corallines possessing unizontate genicula (i.e., the Corallinoideae, sensu 
Johansen 1981). Comparing Metagonioiithon to other geniculate taxa, Ducker 
(1979) noted that although Metagonioiithon lacks secondary pit connections, in 
terms of reproductive features and their type of spore germination 
Metagonioiithon is most similar to the Amphiroideae. The SSU gene tree 
supports the notion that there is a phylogenetic link between Metagonioiithon 
and the non-geniculate subfamily Mastophoroideae. Metagonioiithon and the 
mastophoroid species Spongites yendoi are inferred to be sister taxa. The data 
do not, on the other hand, support Cabioch's contention that the latter 
assemblage is closely allied to the Corallinoideae. Instead, Metagonioiithon
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and Spongites are resolved within a separate clade that also includes species 
classified in the subfamilies Lithophylloideae and Amphiroideae.
In species classified within the non-geniculate subfamily Lithophylloideae 
and the geniculate subfamily Amphiroideae, cell fusions are absent. In these 
subfamilies cells of adjacent filaments are, instead, joined by secondary pit 
connections. Johansen (1981) also commented that the smallest spores of 
coralline algae are those produced by species possessing secondary pit 
connections. De-emphasizing the taxonomic significance of the presence or 
absence of genicula, Cabioch classified all coralline taxa lacking cell fusions in 
a single subfamily (the Lithophylloideae, sensu Cabioch 1972). Although 
Cabioch's taxonomic concept of the Lithophylloideae has not been adopted by 
subsequent authorities, the idea that this arrangement may more accurately 
reflect phylogenetic relationships among these taxa has been widely 
acknowledged (e.g., Adey & Johansen 1972; Johansen 1976; Woelkerling 
1988; Athanasiadis 1989,1995). The SSU sequence data indicate that the 
Lithophylloideae, represented by Lithophyllum kotschyanum, and the 
Amphiroideae are sister taxa. The bootstrap confidence value for the node 
conjoining Lithophyllum kotschyanum and the Amphiroideae is relatively high 
(BP=82%), indicating substantial character support for the relationship. The 
subfamiliy Amphiroideae, including the genera Lithothrixand Amphiroa, is 
resolved as a monopyletic group. Comparative studies of genicular anatomy 
and development made by Garbary and Johansen (1987) suggested to these 
authors that Amphiroa was derived relative to Lithothrix. This conclusion is 
consistent with the SSU gene tree in which Lithothrix aspergillum diverges prior 
to a strongly supported (BP=100%) subclade including three species of 
Amphiroa.
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The fossil record for most genera included in this lineage is sparse and, 
for some, is limited to specimens found in Recent strata. Fossilized material for 
the non-geniculate members of this clade, the Lithophylloideae and 
Mastophoroideae, are not easily separated from fossil Melobesioideae unless 
secondary pit connections and/or sporangial conceptacles have been 
preserved. This is not often the case and it is possible that some fossils in both 
subfamilies have been assigned to the Melobesioideae as Lithothamnion. Of 
the genera within the group, two, Uthophyllum and Amphiroa, have extensive 
fossil records (Johnson 1961; Wray 1977). Lithophyllum has a continuous fossil 
record dating back to the late Jurassic or early Cretaceous periods (ca. 155 - 
130 mya). The genus Amphiroa also appears in the early Cretaceous (ca. 120 
mya), but in younger strata than does Lithophyllum. The SSU data indicate that 
the non-geniculate subfamily Lithophylloideae and geniculate subfamily 
Amphiroideae are sister taxa (Figure 2.1). The paleontological and 
phylogenetic evidence suggest that genicula may have evolved in the latter 
group within a frame of time of 10 - 35 million years.
Higher-level systematics of the Corallinales. The SSU tree is not 
consistent with any previously proposed system of classification for the 
Corallinales at the suprageneric level. A simplified cladogram depicting 
relationships among coralline families and subfamilies inferred from the 
molecular and morphological data is presented in Figure 2.4. Optimized onto 
this tree are those organismal features that are considered diagnostic of 
families or subfamilies within the order. The Sporolithaceae is delimited from 
the Corallinaceae by three autapomorphic features: 1) the production of 
tetrasporangia in sporangial complexes or sori [S], 2) the cruciate pattern of 
cleavage of tetrasporangia [Tc], and 3) the presence of both cell fusions and
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secondary pit connections [F/2C]. Because the Sporolithaceae is resolved as 
the basal sister group to all other coralline lineages, the above character states 
are interpreted to be plesiomorphic for the Corallinales. The monophyly of the 
Corallinaceae is supported by two synapomorphies, viz. the presence of 
sporangial conceptacles [SC] and the simultaneous zonate pattern of clevage of 
tetrasporangia. Presence of sporangial plugs is a plesiomorphic feature for 
coralline algae and one that unites the Sporolithaceae with the Melobesioideae. 
The latter two taxa are resolved as sister taxa diverging before all other 
coralline lineages which are characterized by the absence of sporangial plugs 
[P"J. Multiporate sporangial conceptacles [MC] are an autapomorphic feature of 
the Melobesioideae that is clearly diagnostic of this natural assemblage of 
species (Figure 2.1). These data suggest that multiporate-type sporangial 
conceptacles found in the Melobesioideae were derived from sori very much 
like, or identical to, those found in Sporolithon and Heydrichia and that, despite 
their anatomical and developmental differences, sori and conceptacles are 
homologous structures (Townsend etal. 1994). Uniporate sporangial 
conceptacles unite the subfamilies Corallinoideae, Mastophoroideae, 
Metagoniolithoideae, Lithophylloideae, and Amphiroideae to the exclusion of 
other coralline taxa. Secondary pit connections are inferred to have been lost 
in, or before the appearance of, the last common ancestor of the subfamilies 
Melobesioideae, Corallinoideae, Mastophoroideae, and Metagoniolithoideae; 
the latter subfamilies possess cell fusions. Secondary pit connections [2C] are 
independently derived along the common branch uniting the subfamilies 
Lithophylloideae and Amphiroideae and are synapomorphic for the latter clade. 
The hypothesis for a single evolutionary origin of the geniculum [G] is rejected. 
The SSU gene tree strongly indicates that the genicula of the Amphiroideae, 
Corallinoideae, and Metagoniolithoideae have evolved convergently and are not
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homologous (Ridley 1993). As a corollary, it follows that any further 
comparisons of anatomical differences between genicula are comparisons of 
analogous features. Thus, although of undoubted taxonomic significance, 
features including whether or not genicula are uni- or multizonate, corticate or 
ecorticate, meristematic or non-meristematic, etc. are of no phylogenetic value 
when considered in the context of geniculate species alone.
Thus, the SSU data support the hypothesis that most features used to 
delimit the families and subfamilies of the Corallinales are phylogenetically, as 
well as taxonomically, informative. The presence or absence of genicula is, 
however, not a phylogenetically informative feature for the coralline algae.
Ribosomal gene sequences for species classified in the non-geniculate 
subfamilies Choreonematoideae and Austrolithoideae have yet to be 
determined. Nevertheless, the results of this study and a recent electron 
microscopic investigation (Broadwater & LaPoint, in press) provide important 
clues for resolving the natural affinities of these taxa to other coralline algae.
Woelkerling (1987) established the Choreonematoideae for a single 
host-associate species, Choreonema thuretii, and delimited the subfamily from 
others based on a distinctive combination of vegetative and reproductive 
features. Based on light and scanning electron microscopic observations, 
Woelkerling (1987) concluded that in Choreonema: 1) cell fusions, epithallial 
cells, and haustoria are absent, 2) sporangial plugs are present, and 3) 
sporangial conceptacles are of the uniporate type. Woelkerling's assertion that 
Choreonema lacks epithallial cells is inconsistent with previous studies of the 
species made by Suneson (1937) and Kylin (1956). Woelkerling (1987,1988) 
also found no clear evidence suggesting that Choreonema is nutritionally 
dependent on its host(s). However, transmission electron microscopic studies 
clearly show that Choreonema is a true parasite and, contrary to Woelkerling
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(1987), that the species possesses both cell fusions and epithallial cells 
(Broadwater & LaPoint, in press). In addition, and more importantly, it has also 
been found that the roofs of sporangial conceptacles of Choreonema are in fact 
multipored and not unipored (Broadwater, pers. comm.). These new findings 
indicate that there are no longer any features that can be used to distinguish the 
subfamilies Choreonematoideae and Melobesioideae (see Woelkerling 1988; 
Chamberlain & Keats 1994) from one another. Multipored sporangial 
conceptacles, sporangial plugs, and the absence of haustoria are also 
characteristic of the genera Austrolithon and Boreolithon, which are classified in 
the subfamily Austrolithoideae (Harvey & Woelkerling 1995). Unlike 
Choreonema, however, cell fusions are unknown in Austrolithon and 
Boreolithon. Thus, there is at present but a single useful (?) feature (presence 
or absence of cell fusions) for distinguishing the Austrolithoideae from the 
subfamilies Choreonematoideae and Melobesioideae. In this study SSU gene 
sequence trees support the hypotheses that the presence of multiporate 
sporangial conceptacles, sporangial plugs, and cell fusions (only) are 
phylogenetically informative characters for coralline algae. Together, the 
ultrastructural and molecular data clearly indicate that the taxonomic status of 
the Choreonematoideae and Austrolithoideae should be re-evaluated. The 
balance of evidence strongly suggests that the genera Choreonema, 
Austrolithon, and Boreolithon should be transferred from their respective 
subfamilies and reclassified within the Melobesioideae. Anatomical studies are 
needed to confirm whether or not cell fusions are indeed lacking in the 
Austrolithoideae. The hypothesis presented above predicts that cell fusions will 
eventually be found in the latter taxon.
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SUMMARY
Phylogenetic relationships inferred from SSU sequences for 37 species 
of coralline algae are inconsistent with any previously proposed system of 
classification for the coralline algae. The molecular data indicate that the 
Corallinales comprises four major lineages (Figure 2.1). The Sporolithaceae is 
resolved as the earliest divergence within the order and forms the sister group 
to a monophyletic Corallinaceae. The data support the monophyly of the non- 
geniculate subfamily Melobesioideae, which is easily delimited from other 
coralline taxa by the presence of multipored sporangial conceptacles. The 
subfamily Corallinoideae is resolved as the sister to a fourth clade comprised of 
species referred to the subfamilies Mastophoroideae, Metagoniolithoideae, 
Lithophylloideae, and Amphiroideae. Within the latter assemblage of taxa, the 
non-geniculate subfamily Lithophylloideae is resolved as the sister to the 
geniculate subfamily Amphiroideae. The inferred order of branching among 
these lineages, and among some genera within each of the four clades, is 
supported by independent paleontological evidence. Except for the presence or 
absence of genicula, other characters used to delimit the families and 
subfamilies of Corallinales were inferred to be phylogenetically, as well as 
taxonomically, informative. Genicula, which are characteristic of the subfamilies 
Amphiroideae, Corallinoideae, and Metagoniolithoideae, have arisen 
independently in each of the latter groups and are not homologous structures. 
These results indicate that the common practice of separating coralline red 
algae on the basis of presence or absence of genicula is an artificial operation 
that does not accurately reflect the evolutionary history of the group. 
Ultrastructural observations, as well as phylogenetic evidence presented here, 
show that there is no longer any basis for maintaining the subfamily
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Choreonematoideae as distinct from the Melobesioideae. Although additional 
studies are required, evidence also suggests that the Austrolithoideae should 
be subsumed in the Melobesioideae as well. These results call for a 
reclassification of the coralline algae.
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CHAPTER 3
EVOLUTION OF PIT PLUG-ASSOCIATED FEATURES AND A RE- 
EVALUATION OF PHYLOGENETIC RELATIONSHIPS AMONG THE 
FLORIDEOPHYCIDAEAN ORDERS OF RED ALGAE
89
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INTRODUCTION
Excepting the formation of spermatia and spores, cytokinesis in species 
of the Florideophycidae, as well as some Bangiophycidae, is initially incomplete 
resulting in a septal pore with cytoplasmic continuity between daughter cells. 
The septal pore is subsequently filled by the deposition of a glycoproteinaceous 
pit plug (Pueschel & Cole 1982; Pueschel 1990). The morphology of pit plugs 
is variable. Depending on the species, pit plugs can be characterized by the 
presence or absence of osmiophilic cap layers (0,1, or 2) and a cap membrane. 
In those taxa possessing two cap layers the outer cap may be thin and plate­
like or conspicuously domed. Cytochemical data suggest that outer cap layers 
in the Florideophycidae, whether thin or domed, are homologous structures 
(Trick & Pueschel 1991). In a series of electron microscopic studies Pueschel 
and co-workers have elucidated the fine structure of pit plugs for 
representatives of all currently recognized red algal orders (Pueschel 1990; 
Trick & Pueschel 1991; Pueschel etal. 1992a; Pueschel 1994). With one, or 
possibly two, exceptions pit plug features have been found to be stable among 
species classified within each order (Pueschel & Cole 1982; Pueschel 1989; 
Schnepf 1992). Subsequent anatomical, life history, and molecular data have 
corroborated Pueschel and Cole's (1982) contention that at the ordinal level pit 
plug-associated features are taxonomically informative characters in the 
Rhodophyta (Coomans & Hommersand 1990; Garbary & Gabrielson 1990; 
Hommersand & Fredericq 1990; Ragan etal. 1994).
The fact that most ultrastructural features are evolutionary conserved 
led to speculation that pit plug-associated features are phylogenetically, as well 
as taxonomically, informative. Observations of "naked" (i.e., laking both cap
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layers and cap membranes) pit plugs in the early-diverging (Freshwater et al. 
1994; Ragan etal. 1994) bangiophyte genera Compsopogon(Scott etal. 1988) 
and Rhodochaete (Pueschel & Magne 1987) suggested that the naked pit plug 
is ancestral and that cap layers and membranes are derived features within the 
Rhodophyta (Pueschel 1987). These data challenged several widely-held 
tenets of red algal evolution including the assertion that the Acrochaetiales, 
which possess both inner and outer cap layers and a cap membrane 
(presumably derived features), are the earliest-diverging lineage within the 
Florideophycidae. These data also suggested that the "highly specialized" 
Corallinales (Silva & Johansen 1986), which lack a cap membrane, may have 
diverged prior to the purportedly primitive orders Acrochaetiales, Nemaliales, 
and Palmariales. Later, the fine structure of pit plugs in species classified in the 
Rhodogorgonales (Pueschel etal. 1992a) and Batrachospermales (Pueschel 
1994) were determined and found to be identical to those of the Corallinales. 
Based on the accumulated evidence, Pueschel (1994) argued that naked pit 
plugs are ancestral, those orders with two cap layers form a monophyletic 
group, and that domed outer caps and the absence of a cap membrane are 
plesiomorphic character-states for this clade.
Cladistic analyses of non-molecular (Gabrielson & Garbary 1987; 
Garbary & Gabrielson 1990) and molecular (Freshwater etal. 1994; Ragan et 
al. 1994) data sets have thus far failed to give robust support for PueschePs 
hypothesis of red algal evolution based on pit plug-associated features. Both 
non-molecular and molecular data support the contention that naked plugs are 
ancestral within the group, but a clade comprised of orders characterized by pit 
plugs with two cap layers has not been resolved. However, the lack of 
independent support for PueschePs hypothesis from the molecular studies is 
certainly attributable, at least in part, to inadequate taxon sampling.
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Of particular interest in the present study are the phylogenetic affinities of 
the orders Corallinales, Rhodogorgonales, and Batrachospermales. These 
orders play a pivotal role in hypotheses of pit plug evolution, yet the 
relationships of these orders to other red algal lineages have not been made 
clear. Previously published studies of red algal phylogeny, based on sequence 
analyses of the genes for the nuclear-encoded small subunit rRNA (SSU) and 
the plastid-encoded large subunit of Rubisco {rbcL), weakly ally the Corallinales 
with the Hildenbrandiales (Ragan etal. 1994; Freshwater etal. 1994). Both of 
these orders are represented by a single species in each of the cited studies 
and terminate long branches near the base of the florideophycean clade. The 
alliance of the Hildenbrandiales (single cap layer) and Corallinales (two cap 
layers) is not consistent with Pueschel's (1994) hypothesis that red algal orders 
possessing two cap layers are derived from a common ancestor. In their SSU- 
based study, Ragan etal. (1994) did, however, note that constraining the 
Corallinales as sister to other orders with two cap layers resulted in only a one 
step penalty under parsimony. Before they were classified in a separate order, 
the Rhodogorgonales, by Fredericq and Norris (1995), the enigmatic genera 
Rhodogoron and Renouxia had been linked to either the Nemaliales (Ogden 
1992) or Batrachospermales (Pueschel etal. 1992a). The idea that these 
genera might be referable to the Batrachospermales was derived primarily from 
the observation that the pit plugs of Rhodogorgon carriebowensis were 
morphologically identical to those found in the Batrachospermales. Although 
similar pit plugs are also found in the Corallinales, and in spite of the fact that 
the Rhodogorgonales and Corallinales are the only known marine red algae 
that deposit calcite in their cell walls, Pueschel etal. (1992a,b) and Fredericq 
and Norris (1995) did not consider a specific relationship between these two 
orders likely. The rbcL gene tree for the red algae presented by Freshwater et
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al. (1994, p. 7282) united Rhodogoron and Renouxia with the Gracilariales, but 
the authors noted that the topological position of these genera was unstable 
and "may be incorrect." In the rbcL tree other orders characterized by pit plugs 
with two cap layers (viz. Acrochaetiales, Palmariales, Nemaliales, and 
Batrachospermales) were resolved as a grade at the base of the 
Florideophycidae (Freshwater etal. 1994). Sequences for species representing 
the orders Batrachospermales and Rhodogorgonales were not included in the 
SSU-based study of Ragan etal. (1994).
In the present study the phylogenetic relationships among the 
Corallinales, Rhodogorgonales, and Batrachospermales and other red algal 
orders are re-examined. To evalute these relationships, and to test Pueschel's
(1994) hypothesis for the evolution of pit plug-associated features, SSU data 
are included for 19 species representing all six orders possessing pit plugs with 
an outer cap layer. The alignment also includes SSU gene sequences for 51 
other red algal species representing each of the remaining 13 currently 
recognized orders of red algae.
MATERIALS AND METHODS
A data set was assembled consisting of nuclear-encoded small subunit 
ribosomal RNA (SSU) gene sequences for 70 taxonomically diverse red algal 
species (Table 3.1). All sequences included in the alignment are available from 
GenBank. The alignment includes at least one representative from each 
presently recognized red algal order as well as 19 species classified in orders 
characterized as having pit plugs with two cap layers. The SSU sequences for 
Galaxaura marginata (Ellis et Solander) Lamouroux, Rhodogorgon 
carriebowensis J. Norris et Bucher, Nothocladus nodosus Skuja, and
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Table 3.1. Sources of the SSU gene sequences for 70 red algal species 
included in the data alignment.
Taxon Reference
Bangiales
Porphyra umbilicalis (Linnaeus) J. Agardh 4
Compsopogonales
Erythrocladia sp. 4
Porphyridiales
Dixoniella grisea (Geitler) Scott et al. 4
Sylonema alsidii (Zanardini) Drew 4
Acrochaetiales
Audouinella dasyae (Collins) Woelkerling 4
Rhodochorton purpureum (Lightfoot) Rosenvinge 7
Ahnfeltiales
Ahnfeltia plicata (Hudson) Fries 2
Batrachospermales
Nothocladus nodosus Skuja 11
Psilosiphon scoparium Entwisle 11
Bonnemaisoniales
Bonnemaisonia hamifera Hariot 4
Ceramiales
Anotrichium furcellatum (J. Agardh) Baldock 10
Ceramium macilentum J. Agardh 10
Crouania attenuata (C. Agardh) J. Agardh 10
Griffithsia monilis Harvey 10
Dasya baillouviana (S.G. Gmelin) Montagne 4
Phycodrys rubens (Linnaeus) Batters 4
Rhodomela confervoides (Hudson) P. Silva 4
Corallinales
Amphiroa fragilissima (Linnaeus) Lamouroux 12
Bossiella orbigniana ssp. dichotoma (Manza) Johansen 12
Cheilosporum sagittatum (Lamouroux) J. Areschoug 12
Clathromorphum compactum (Kjellman) Foslie 12
Corallina officinalis Linnaeus 4
Lithothamnion glaciale Kjellman 12
Metagoniolithon chara (Lamarck) Ducker 12
Phymatolithon laevigatum (Foslie) Foslie 12
Gelidiales
Gelidiella acerosa (Forsskal) Feldmann et Hamel 13
Gelidium pusillum (Stackhouse) Le Jolis 10
Gelidium vagum Okamura 4
Pterociadia lucida (Brown exTumer) J. Agardh 13
Ptilophora pinnatifida (J. Agardh) Norris 13
(table con'd.)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Gigartinales
Dasyphloea insignis Montagne 
Farlowia mollis (Harvey et Bailey) Farlow et Setchell 
Endocladia muricata (Postels et Ruprecht) J. Agardh 
Gloiopeltis furcata (Postels et Ruprecht) J. Agardh 
Furcellaria lumbricalis (Hudson) Lamouroux 
Chondrus crispus Stackhouse
Sarcothalia crassifolia (C. Agardh) Edyvane et Womersley 
Callophyllis rangiferina (Turner) Womersley 
Mychodea camosa Hooker et Harvey 
Nizymenia australis Sonder
Mastocarpus stellatus (Stackhouse in Withering) Guiry 
Phacelocarpus peperocarpos (Poiret) Wynne, Ardre et Silva 
Schottera nicaeensis (Lamouroux ex Duby) J. Agardh 
Areschougia congesta (Turner) J. Agardh 
Eucheuma denticulatum (N. Burman) Collins et Hervey 
Kappaphycus alvarezii (Doty) Doty 
Sphaerococcus coronopifolius Stackhouse 
Gracilariales
Curdiea flabellata Chapman 
Gracilaria tikvahiae McLachlan
Gracilariopsis lemaneiformis (Bory) Dawson, Acleto et Foldvik 
Halymeniales
Cryptonemia undulata Sonder 
Grateloupia filicina (Lamouroux) C. Agardh 
Sebdenia flabellata (J. Agardh) Parkinson 
Hildenbrandiales
Hildenbrandia rubra (Sommerfelt) Meneghini 
Nemaliales
Galaxaura marginata (Ellis et Solander) Lamouroux 
Nemalion helminthoides (Velley in Withering) Batters 
Palmariales
Palmaria palmata (Linnaeus) Kuntze 
Meiodiscus spetsbergensis (Kjellman) Saunders et McLachlan 
Rhodophysema elegans (P. et H. Crouan) Dixon 
Rhodothamniella floridula (Dillwyn) J. Feldmann in Christensen 
Plocamiales
Plocamiocolax pulvinata Setchell 
Plocamium angustum (J. Agardh) J.D. Hooker et Harvey 
Rhodogorgonales
Rhodogorgon carriebowensis J. Norris et Bucher 
Rhodymeniales
Champia affinis (Hooker et Harvey) J. Agardh 
Lomentaria australis (Kutzing) Levring 
Lomentaria baileyana (Harvey) Farlow 
Erythrocolon podagricum (Harvey) J. Agardh 
Gloioderma fruticulosa (Harvey) De Toni 
Rhodymenia linearis J. Agardh 
(table con'd.)
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1. Bird etal. (1990)
2. Bird etal. (1992a)
3. Bird etal. (1992b)
4. Ragan etal. (1994)
5. Saunders & Kraft (1994)
6. Lluisma & Ragan (1995)
7. Saunders etal. (1995)
8. Millar etal. (1995)
9. Saunders & Kraft (1996)
10. Saunders etal. (1996)
11. Saunders (pers. comm.)
12. Bailey & Chapman (1996)
13. Present study
Psilosiphon scoparium Enwistle were kindly provided by Dr. G. W. Saunders. 
Sequences were aligned by eye using the SeqPup program (Gilbert 1995). 
Regions of the data matrix which could not be unambiguously aligned were 
excluded from subsequent analyses. Including gaps, the SSU alignment 
contains 1731 positions. Phylogenetic hypotheses were inferred from the data 
with the optimality criterion of maximum parsimony as implemented in PAUP (v. 
3.1.1., Swofford 1993). All characters were treated as unordered and weighted 
equally. Gaps were coded as a fifth character. Heuristic searches were 
performed using the tree-bisection-reconnection algorithm with random 
sequence addition (500 replicates), COLLAPSE and MULPARS options in 
effect. Support for nodes of the parsimony tree was assessed by calculating 
bootstrap porportions (BP) based on 100 resamplings of the data set 
(Felsenstein 1985). The SSU sequence for the bangiophyte Erythrocladia sp. 
was selected to root the trees.
Pit-plug associated features characteristic of each red algal order were 
coded as unordered, binary-state characters as shown in Table 3.2. The
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Table 3.2. Coding of pit plug-associated features for the orders of red algae 
(Data from Pueschel 1990,1994).
Order
Cap
membrane
Inner
cap
Outer
cap
Outer cap 
morphology
Bangiales 0 1 0 ?
Compsopogonales 0 0 0 ?
Porphyridiales ? ? ? ?
Acrochaetiales i i 1 ?
Ahnfeltiales 0 0 0 ?
Batrachospermales 0 1 1 2
Bonnemaisoniales 1 0 0 ?
Ceramiales 1 0 0 ?
Corallinales 1 1 2
Gelidiales 1 1 0 9
Gigartinales 1 0 0 ?
Gracilariales 1 0 0 ?
Halymeniales 1 0 0 ?
Hildenbrandiales 1 1 0 ?
Nemaliales 1 1 1 3
Palmariales 1 1 1 3
Plocamiales 1 0 0 ?
Rhodogorgonales 0 1 1 2
Rhodymeniales 1 0 0 ?
0=absent, 1=present, 2=outer cap domed, 3=outer cap plate-like, ?=missing or 
not applicable.
coding scheme assumes that character states for pit-plug associated features 
are consistent for all species within an order, and that the pit plugs 
ofErythrocladia (Compsopogonales) are identical to those found in 
Compsopogon. Because the Acrochaetiales violate the first assumption for a 
single character (outer cap morphology) this feature was coded as missing (?) 
for the group (Table 3.2). The evolution of pit plug-associated features was 
determined using two different approaches. The pit-plug data were appended 
to the SSU sequence alignment and the combined matrix subjected to 
parsimony analysis, and the ultrastructural data matrix was subjected to
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parsimony analysis using the parsimony tree as a constraint (Swofford 1993). 
Character states at internal nodes of the parsimony tree were optimally 
reconstructed using the criteria of both accelerated (ACCTRAN) and delayed 
(DELTRAN) transformation as implemented in MacClade (v.3.0, Maddison & 
Maddison 1992).
RESULTS
Cladistic analysis of the SSU gene sequence alignment resulted in four 
equally most parsimonious trees of 3847 steps. The four topologies differed 
only in the relationships inferred among species within the orders Gelidiales and 
Gigartinales. One of the four parsimony trees was selected for presentation 
and is shown in Figure 3.1. With the exception of the Porphyridiales, 
Acrochaetiales, and Gigartinales, all other orders represented by two or more 
species are resolved as monophyletic. The Porphyridiales and Acrochaetiales 
are inferred to be paraphyletic taxa. The SSU data indicate that Schizymenia 
dubyi (Schizymeniaceae) is not closely related to other species classified in the 
order Gigartinales, rendering that order polyphyletic. These data weakly 
(BP<50%) ally Schizymenia dubyi as sister to the Gracilariales.
The monophyly of the subclass Florideophycidae is strongly supported 
(BP=100%) and bootstrap confidence values indicate that most nodes along the 
backbone of the tree are strongly to moderately supported. The SSU sequence 
of Hildebrandia rubra (Hildenbrandiales) is inferred to represent the earliest 
divergence within the Florideophycidae. The remaining florideophycidaean 
orders are divided between two large sister clades. The first includes Ahnfeltia 
plicata (Ahnfeltiales) which is resolved as sister to a clade comprised of all
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Coralllna officinalis 
Bossielfa orbigniana ssp. dichotoma 
Cheilpsporum ?agittatum 
Amphiroa fragilissuna 
Metagoniolithon chara 
Clathromorphum compactum 
Phymafofttffon laevjgatum 
Litnothamnion glacials 
Rhodogorgon cam'ebowensis 
Psilosipnon scoparium 
Nothocladus nodosus 
Audoufnella dasyae 
Rhodochorton purpureum 
Nemalion hefminthofdes 
Gaiaxaura marginata 
Rhpdothamnlellafloridula 
Meiodiscus spitsbergansis 
Rhodophysema elegans 
Palmaria palmata 
Afinfeltia pllcata 
Ceramium macitentum 
Crouania attenuafa 
Anotrichum furcallatum 
Griffithsia monilis 
Oasya baillouviana 
Phycodrys rubens 
Rhodomeia confervoides 
Gracilaria tikvahiaa 
Gracilariopsis lemaneiformts 
Curdiea flabellata 
Schizymenia dubyi 
Plocamiocolax pulvinata 
Plocamium angustum 
Rhodymenia linearis 
Champia affinis 
Gloioderma fruticulosa 
Lomentaria australis 
Lomentana baileyana 
Erythrocolon podagricum 
Sebdenia flabellata 
Cryptonemia undulata 
Grateloupia filfcina 
Mastocarpus stellatus 
Chondrus crispus 
Sarcothaiia crassifolia 
Schottera nicaeensis 
Furcellaria lumbricalis 
Areschougia congesta 
Mychodea camosa 
Kappaphycus alvarezii 
Eucneuma denticulatum 
Callophyiris rangiferina 
Fariowia mollis 
Dasyphloea insignis 
Phacelocarpus peperocarpos 
Nizymenia australis 
Sphaerococcus coronopifolius 
Gloiopeltis furcata 
Endocladia muricala 
Bonnemaisonia hamifera 
Gelidium pusitlum 
Gelidium vagum 
Ptiiophora pinnatifida 
Gelidiella acerosa 
Pterocladia lucida 
Hildenbrandia rubra 
Oixoniella grisea 
Porphyra umbilicalis 
Styionema alsidii 
Erythrocladia sp.
Figure 3.1. One of four equally most parsimonious trees (C!=0.41; Rl=0.69) 
inferred from an analysis of the SSU gene sequences for 70 species of red 
algae. Bootstrap confidence values (> 50%) for each node are provided at the 
branches.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
orders possessing pit plugs with two cap layers. Within the two cap layer 
assemblage a sister group relationship between the orders 
Rhodogorgonales and Corallinales is strongly (BP=100%) supported. The 
second florideophycidaean clade includes all orders lacking cap layers but 
possessing a cap membrane as well as the order Gelidiales (inner cap and cap 
membrane present).
Nine steps were required to map the pit plug character data onto the 
parsimony tree whether the pit plug data were analyzed in combination with the 
SSU data or constrained to the result of the parsimony analysis. The following 
conclusions are supported by both ACCTRAN and DELTRAN character 
optimization (Figures 3.2a,b): 1) the naked type pit plug is the plesiomorphic 
condition, 2) outer caps evolved only once - in the common ancestor of the 
orders Corallinales, Rhodogorgonales, Batrachospermales, Acrochaetiales, 
Nemaliales, and Palmariales, 3) an inner cap layer had also evolved prior to the 
divergence of the latter orders, and 4) thin outer caps are derived relative to 
domed outer caps in the two-cap-layer group. The transition between domed 
and thin outer caps must have occurred prior to the divergence of the 
Nemaliales and Palmariales along the evolutionary path leading from the 
Batrachospermales. Data presented here, as well as ultrastructural evidence, 
suggest that thin outer caps probably evolved within a paraphyletic 
Acrochaetiales. Within the two cap layer assemblage, cap membranes evolved 
at roughly the same time as did thin outer cap layers.
In other parts of the red algal tree hypotheses for the evolution of inner 
cap layers and cap membranes differ depending on the character state 
optimization method. ACCTRAN optimization (Figure 3.2a) suggests that the 
inner cap evolved prior to the divergence of the Bangiales and was lost prior to 
the divergence of the Hildenbrandiales. Inner caps are inferred to be derived
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Figure 3.2. Cladogram(s) depicting relationships among the orders of red algae inferred from cladistic analysis of SSU 
. gene sequence and pit plug data. Character state changes for pit plug features are indicated along the branches. 
Senarios for the evolution of pit plug-associated features are presented for (A) ACCTRAN and (B) DELTRAN methods of 
character state optimization. •  =character gain, O =character loss, IC=inner cap, DC=domed outer cap, TC=thin outer 
cap, M=cap membrane. Star indicates possible alternative origin for the thin outer cap (TC).
independently in the common ancestors of the two cap layer clade and the 
order Gelidiales. Cap membranes are inferred to have been present in the last 
common ancestor of the Florideophycidae, but were lost in the ancestor of the 
Ahnfeltiales and the two cap layer clade. Cap membranes are inferred to have 
arisen independently in the common ancestor of the the orders Acrochaetiales, 
Nemaliales, and Palmariales. DELTRAN optimization (Figure 3.2b) suggests 
that inner cap layers are independently derived in the orders Bangiales, 
Hildenbrandiales, and Gelidiales and in the last common ancestor of the two- 
cap-layer clade. Cap membranes evolved three times; in the ancestors of the 
Hildenbrandiales and Ceramiales, and within the two cap layer lineage.
DISCUSSION
As in previous studies of ordinal-level relationships among red algae 
(Freshwater etal. 1994; Ragan etal. 1994), results presented here indicate that 
the Florideophycidae is monophyletic. Within the subclass, two large sister 
clades were found, one of which includes the Ahnfeltiales and all orders 
characterized as having pit plugs with both inner and outer cap layers. Orders 
comprising the latter group are divided between two lineages, one including 
representatives of the orders Rhodogorgonales and Corallinales and the other 
including species classified in the Batrachospermales, Acrochaetiales, 
Nemaliales, and Palmariales. Relationships inferred among the orders resolved 
in the two cap layer assemblage are not consistent with traditional concepts of 
red algal phylogeny (Kylin 1956; Dixon 1973; Magne 1989; Garbary & 
Gabrielson 1990), but do provide support for Pueschel's (1994) contention that 
pit plug-associated features are phylogenetically informative for the group. The 
second large florideophycidaean clade is composed of those red algal orders,
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with the exception of the Gelidiales, that lack cap layers but possess a cap 
membrane.
Although the Rhodogorgonales have been previously considered closely 
related to either the Batrachospermales or Nemaliales (Norris & Bucher 1989; 
Ogden 1992; Pueschel etal. 1992a; Fredericq & Norris 1995), the SSU data 
strongly (BP=100%) support a close phylogenetic link between the 
Rhodogorgonales and Corallinales. In terms of their growth, vegetative 
organization, and reproductive development the Corallinales and 
Rhodogorgonales are markedly different (Fredericq & Norris 1995). 
Nevertheless, the SSU gene sequence data indicate clearly that the two 
lineages are closely related. The only anatomical evidence suggesting that the 
two orders share a common evolutionary history includes: 1) the presence of pit 
plugs characterized by two cap layers, the outer domed, and the absence of a 
cap membrane, and 2) the fact that the Rhodogorgonales and Corallinales are 
the only marine red algae known to deposit calcite in the their cell walls. Other 
calcified marine red algae (e.g., some Nemaliales) precipitate or deposit 
aragonite in their cell walls or in intercelluar spaces. Although phylogenetically 
informative, pit plugs identical to those of the Corallinales and Rhodogorgonales 
are also found in the Batrachospermales (Pueschel 1994); this feature is 
therefore not synapomorphic for the clade. Unlike corallines, which are heavily 
calcified throughout, the rhodogorgonalean genera Rhodogorgon and Renouxia 
deposit calcite only in a single, specialized cell type termed "calciferous cells" 
(Norris & Bucher 1989; Pueschel etal. 1992b). Calcite deposition in both 
groups involves a thick carbohydrate cell wall layer (Pearse 1972; Giraud & 
Cabioch 1978; Pueschel et al. 1992b). Members of the exclusively freshwater 
order Batrachospermales also deposit calcium carbonate as calcite but the 
process in this group does not depend on the presence of a specially modified
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organic cell wall matrix (Probeguin 1954). Although calcite deposition in the 
Corallinales and Rhodogorgonales differs slightly in other ways (Pueschel et al. 
1992b), the phylogenetic evidence suggests that the process may be 
homologous in the latter two orders but different from that occurring in the 
Batrachospermales. The hypothesis that calcification, depending on the 
presence of a specialized organic cell wall matrix, is synapomorphic for a clade 
including the Rhodogorgonales and Corallinales cannot be discounted, 
although the proposal should be tested with other sources of data. In any case, 
comparative studies of corallines, and Rhodogorgon and Renouxia may 
ultimately help elucidate the nature of calcification processes in red algae.
A number of the hypotheses erected by Pueschel (1994) are supported 
in the current study. The ancestral type pit plug for the Rhodophyta is the 
naked type found in the orders Compsopogonales and Rhodochaetales 
(Pueschel & Magne 1987; Scott etal. 1988; Maggs & Pueschel 1989). Naked 
pit plugs are also characteristic of the Ahnfeltiales, although results presented 
here suggest that both absence of cap layers and membranes may be 
secondarily derived features in this order (but see below). Orders whose 
species are characterized by two pit plug caps are derived from a common 
ancestor. The molecular data also support the hypothesis, based on 
cytochemical evidence, that outer cap layers are homologous structures (Trick 
& Pueschel 1991). Within the two cap layer assemblage plate-like outer caps 
are derived relative to domed outer caps, which represent the plesiomorphic 
character state for the clade. The most highly derived pit plug type is 
characteristic of the orders Acrochaetiales (in part), Nemaliales and 
Palmariales. The pivotal position of the Acrochaetiales in the region of the tree 
where the transition from the domed to plate-like morphology occurs is 
consistent with the presence of both types of outer caps in Acrochaete species,
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and the observation that the Acrochaetiales is a paraphyletic taxon (Garbary & 
Gabrielson 1990, Freshwater etal. 1994; Saunders etal. 1995; Figure 3.1).
Deciding between ACCTRAN or DELTRAN optimization for the best scenario of 
inner cap and cap membrane evolution is less clear. Unfortunately, convincing 
ultrastructural or cytochemical evidence for the compositional homogeneity of 
inner cap layers of pit plugs in the red algae is lacking (Trick & Pueschel 1991). 
Perhaps the fact that none of the many cytochemical tests employed by Trick 
and Pueschel (1991) differentiated between the inner cap layers of red algae 
can be considered as evidence that they are indeed identical, at least in 
composition? Such speculation does not seem exceedingly implausible. Even 
if all inner caps are compositionally identical, the phylogenetic evidence 
indicates that inner cap layers are not evolutionarily homologous structures 
throughout the red algae. Although the inner caps of the Bangiales,
Hildenbrandiales, and the two cap layer clade may be homologous (Figure 
3.2a), the inner caps of the Gelidiales, under any scenario, are inferred to be 
independently derived.
The placement of Ahnfeltia plicata (Ahnfeltiales) as sister to the two cap 
layer lineage is not consistent with the topological postion of this species in 
other published gene-sequence trees for red algae (Freshwater etal. 1994,
Ragan et al. 1994). This result may be artifactual and attributed to the sampling 
of species included in the alignment analyzed here. In the SSU-based 
hypothesis for the red algae presented by Ragan etal. (1994), the Ahnfelitiales 
is weakly resolved as sister to the Bonnemaisoniales, Ceramiales, Gelidiales, 
Gigartinales, Gracilariales, Halymeniales, Plocamiales and Rhodymeniales 
assemblage rather than the two cap layer lineage. Parsimony analysis of the 
molecular data constraining the Ahnfeltiales to the result of Ragan et al. (1994) 
yields six equally parsimonious trees that are eight steps longer than the most
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parsimonious solutions found in the present investigation (data not shown). 
These six trees are not significantly worse than the optimal parsimony tree(s) 
found in the current study [Templeton Test as implemented in PHYLIP 
algorithm DNAPARS, Felsenstein (1995)]. A strict consensus of these six trees 
was constructed and used as a constraint for parsimony analysis of the pit plug 
data. Eight steps were required to fit the pit plug features onto this tree and 
character state transformations were similarly resolved under both ACCTRAN 
and DELTRAN optimization procedures. On this tree (Figure 3.3), inner caps 
are homologous in the Bangiales, Hildenbrandiales, and the two-cap-layer 
assemblage, and are inferred to be analogous to the inner caps of the 
Gelidiales. The most variable feature of the pit-plug-associated characters is 
the presence or absence of a cap membrane, which appears to have evolved 
independently in three different evolutionary lineages.
Additional research, to clarify relationships at the weakly resolved nodes 
in the molecular tree as well as to test the extent of homology of cap 
membranes and inner caps throughout the red algae, is necessary if the 
evolution of these two features is to be understood clearly.
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Figure 3.3. Character state optimization of pit plug data onto a tree constrained 
to the result of Ragan et al. (1994) in which the Ahnfeltiales is sister to those 
orders, excepting the Gelidiales, characterized by the absence of cap layers 
and the presence of a cap membrane. •  =character gain, O =character loss, 
IC=inner cap, DC=domed outer cap, TC=thin outer cap, M=cap membrane.
Star indicates possible alternative origin for the thin outer cap (TC).
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GENERAL SUMMARY AND CONCLUSIONS
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In this dissertation, phylogenetic analyses of nuclear-encoded small 
subunit ribosomal RNA (SSU) sequences were used to test current hypotheses 
of relationships within the order Corallinales and among the florideophycidaean 
orders of red algae. Hypotheses inferred from the molecular data were then 
used to explore the possible pathways of evolution for selected organismal 
characters in each of the studies.
In Chapter 2 conflicting hypotheses for the relationships among the 
subfamilies and genera of the red algal order Corallinales were tested against 
the results of phylogenetic analyses of a molecular data set comprised of SSU 
gene sequences. The SSU gene trees are consistent with some, but certainly 
not all, aspects of previously proposed classifications for the group. The order 
includes four major lineages that are well-supported by the molecular data and 
that are clearly delimited from one another by both reproductive and anatomical 
features. The earliest-diverging lineage within the order includes the genera 
Sporolithon and Heydrichia that are classified in the family Sporolithaceae. 
Paleontological, morphological, and molecular data indicate clearly that these 
genera are, in relative terms, distantly related to other coralline algae. The 
Sporolithaceae is resolved as sister to a monophyletic Corallinaceae. The 
Melobesioideae is resolved as monophyletic and can be delimited from all other 
coralline taxa by the presence of multipored sporangial conceptacles. The 
Corallinoideae, comprising the tribes Janieae and Corallineae, is also resolved 
as monophyletic and probably represents the most recent divergence within the 
group. Strong support was found for a clade including representatives of the 
subfamilies Mastophoroideae, Metagoniolithoideae, Lithophylloideae, and 
Amphiroideae. Within the latter assemblage, the non-geniculate subfamily 
Lithophylloideae and the geniculate subfamily Amphiroideae are resolved as 
sister taxa. The hypothesis that these subfamilies share a common
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evolutionary history has not previously been proposed in the literature, but is 
consistent with the notion that some non-geniculate species are more closely 
related to geniculate species than they are to other non-geniculate species.
Character state optimization techniques were used to explore the 
evolutionary pattern of distribution for seven morphological characters 
considered diagnostic of families and subfamilies within the order. Results 
indicate that all features, with the exception of the presence or absence of 
genicula, are phylogenetically informative for coralline algae. Genicula are 
inferred to be convergent (nonhomologous) structures that were independently 
derived in three separate coralline lineages (i.e., the Amphiroideae, 
Corallinoideae, and Metagoniolithoideae). This observation supports Cabioch's 
(1971,1972,1988) contention that within the Corallinales parallel evolutionary 
lines, that include geniculate and non-geniculate taxa, appear as continuums 
marked by the progressive evolution of an erect habit. The presence or 
absence of genicula as the sole basis for separating coralline algae at the 
subfamilial level is no longer tenable and must be abandoned if the 
classification of the Corallinales is to accurately reflect the evolutionary history 
of the group.
Morphological data (Broadwater & LaPoint, in press), as well as 
phylogenetic evidence presented here, suggest that the natural affinities of the 
genera Choreonema, Austrolithon, and Boreolithon are with the subfamily 
Melobesioideae. An informal proposal is made to subsume the 
Choreonematoideae and Austrolithoideae in the latter subfamily. If this 
proposal is made formally and accepted, then there remains the question of 
transforming the present (artificial) system of classification for the Corallinales 
into one that is more natural. The only difficulty here, and an admittedly
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subjective one, is deciding on the taxonomic ranks afforded to each of the four 
major clades.
In Chapter 3, cladistic analysis of SSU gene sequences for 70 species of 
red algae formed the basis for a re-evalutation of phylogenetic relationships 
among the orders of the subclass Florideophycidae. These data also were 
used to test hypotheses for the evolution of pit plug-associated features in the 
Rhodophyta outlined by Pueschel (1994).
With the exception of the orders Porphyridiales, Acrochaetiales, and 
Gigartinales, all other orders represented by two or more species are inferred to 
be monophyletic. The subclass Florideophycidae is resolved as a 
monophyletic taxon comprised of two large sister clades. One clade includes a 
monophyletic assemblage of orders that all possess pit plugs bearing two cap 
layers which is resolved as the sister to the Ahnfeltiales. The second clade 
includes all orders, excepting the Gelidiales, possessing pit plugs characterized 
by the absence of cap layers and the presence of a cap membrane.
Results of analyses of the independent molecular data support 
Pueschel's (1994) contention that: 1) naked pit plugs (i.e., lacking both cap 
layers and cap membranes) are the plesiomorphic type in the Rhodophyta, 2) 
outer cap layers are homologous structures, 3) orders possessing pit plugs with 
two cap layers are derived from a common ancestor, and 4) plate-like outer cap 
layers and cap membranes are derived features within the two cap layer clade. 
Orders possessing pit plugs with two cap layers include the Acrochaetiales, 
Batrachospermales, Corallinales, Nemaliales, Palmariales, and 
Rhodogorgonales. A more complete understanding of the evolution of pit plug- 
associated features will not be possible until independent evidence arguing for 
or against the homology of inner cap layers is available. Inner cap layers in the 
two cap layer lineage are certainly homologous and may be homologous to
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those present in the Bangiales and Hildenbrandiales. However, the inner cap 
layer present in the Gelidiales is inferred to be independently derived. Thus, 
these data suggest that inner cap layers are not homologous structures in all 
red algal taxa. The second key to elucidating the pathway of evolution of these 
features is to determine robustly the relationships of the orders 
Hildenbrandiales and Ahnfeltiales to other red algal lineages. In the present 
study both orders are represented by only a single species. The 
Hildenbrandiales is inferred to represent the earliest divergence within the 
Florideophycidae and the Ahnfeltiales is weakly resolved as sister to a clade 
including all orders possessing pit plugs with two cap layers. Often in molecular 
systematics studies further sampling within a taxon will help resolve its 
relationships to others. However, this is not an option for the Hildenbrandiales 
and Ahnfeltiales wherein more extensive sampling is not possible at the generic 
level. The Ahfeltiales includes only the genus Ahnfeltia; the Hildebrandiales is 
comprised of only the genera Hildenbrandia and Apophlaea. Data from other 
sources, and in particular nucleotide sequences for other genes, are needed to 
develop a highly corroborated hypothesis for the relationships of these two 
orders to others in the Florideophycidae.
Within the two-cap-layer assemblage, strong support was found for a 
sister group relationship between the Corallinales and Rhodogorgonales. The 
observation that these orders are closely related is unexpected, considering 
that they share very few morphological, anatomical, or reproductive features in 
common (Fredericq & Norris 1995). As far as is now known, there is but a 
single, tenuous organismal feature that indicates that the two orders may be 
phylogenetically linked. Members of both orders possess the ability to deposit 
calcite in their cell walls and in both the process of biomineralization involves a 
thick, specialized organic cell wall matrix. The thalli of coralline algae are
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heavily calcified throughout; however, calcite is deposited in only a single type 
of cell (calciferous cells) in rhodogorgonalean species. The phylogenetic 
observations raise an interesting, and highly speculative, question: Could the 
last common ancestor of the Corallinales have resembled the 
rhodogorgonalean species Rhodogorgon carriebowensis or Renouxia antillana?
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I am writing for permission from the Stanford University Press to reproduce and 
include in my doctoral dissertation, "Molecular Systematics of Red Algae," 
several drawings from the following book:
Abbott, I. A. and GJ. Hollenberg, 1976. Marine Algae of California. Stanford 
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324 Lithothamnium crassiusculum 385
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337 Lithophyllum grumosum 394
350 Lithothrix aspergillum 402
357 Corallina vancouveriensis 406
360 Serraticardia macmillanii 408
These drawings are among the best for these types of organisms and their 
reproduction and presentation in my dissertation are important for the sake of 
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Thank you for your time and assistance. Your atttention to this matter is greatly 
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Sincerely,
J. Craig Bailey
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502 Life Sciences Building 
Baton Rouge, LA 70803-1705
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Species Collection site
Arthrocardia filicula 
Bossiella califomica ssp. schmitii
Bossiella califomica ssp. dichtoma 
Calliarthron cheilosporioides 
Calliarthron tuberculosum
Cheilosporum sagittatum 
Corallina elongata 
Corallina officinalis 
'Corallina sp.?'
Haliptilon roseum 
Jania crassa 
Jania rubens 
Serraticardia macmillanii
Amphiroa sp. (AUS)
Amphiroa sp. (SAF)
Amphiroa fragilissima 
Lithothrix aspergillum 
Metagoniolithon chara 
Metagoniolithon radiatum 
Metagoniolithon stelliferum 
Lithophyllum kotschyanum 
Spongites yendoi 
Clathromorphum compactum 
Clathromorphum parcum
Lithothamnion glaciate 
Lithothamnion tophiforme 
Leptophyum acervatum 
Leptophytum ferox 
'Leptophytum foveatum?' 
Mastophoropsis caniculata 
Mesophyllum englehartii 
Mesophyllum erubescens 
Phymatolithon laevigatum 
Phymatolithon lenormandii 
Synarthrophyton patena 
Heydrichia woelkerlingii 
Sporolithon durum
South Africa
Stillwater Cove, Carmel, Monterey Co., 
CA, USA
Laguna Beach, Orange Co., CA, USA 
Laguna Beach, Orange Co., CA, USA 
Vancouver Is., British Columbia, 
Canada
Pt. Lonsdale, Victoria, Australia 
Swakopmund, Namibia 
Peggy's Cove, Nova Scotia, Canada 
Botany Beach, British Columbia, 
Canada
Pt. Lonsdale, Victoria, Australia 
Palm Beach, Natal, South Africa 
Galway, Ireland
MacKerracher St. Park, Mendocino 
Co., CA, USA
Pt. Lonsdale, Victoria, Australia 
Pt. Alfred, South Africa 
Key Largo, FL, USA 
Laguna Beach, Orange Co., CA, USA 
Pt. Lonsdale, Victoria, Australia 
Beachport, South Australia 
Portsea, Victoria, Australia 
Fiji
Holbaaipunt, South Africa 
Newfoundland, Canada 
Horseshoe Cove, Sonoma Co., CA, 
USA
Labrador, Canada 
Labrador, Canada 
South Africa 
South Africa 
South Africa
Beachport, South Australia 
South Africa 
Sao Sebastiao, Brazil 
Kimmeridge, Dorset, UK 
Kimmeridge, Dorset, UK 
Beachport, South Australia 
Betty's Bay, South Africa 
Port MacDonnell, South Australia
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1. Tetra-/bisporangial plugs: [1] present or[0] absent.
2. Sporangial conceptacles: [1] present or [0] absent.
3. Sporangial complexes (sori): [1] present or [0] absent.
4. Tetrasporangial cleavage pattern: [1] crucitate or [0] zonate.
5. Sporangial conceptacles: [0] uniporate, [1] multiporate, or [?] missing.
6. Cells of adjacent filaments connected by: [0] cell fusions, [1] secondary pit 
connections, or [2] both cell fusions and secondary pit connections.
7. Genicula: [1] present or [0] absent.
Taxon
1 2 3
Character
4 5 6 7
Sporolithaceae 1 0 1 1 ? 2 0
Melobesioideae 1 1 0 0 1 0 0
Mastophoroideae 0 1 0 0 0 0 0
Lithophylloideae 0 1 0 0 0 1 0
Metagoniolithoideae 0 1 0 0 0 0 1
Corallinoideae 0 1 0 0 0 0 1
Amphiroideae 0 1 0 0 0 1 1
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